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Instructions To Authors 


Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical construction is essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and ‘‘laboratory slang’’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The forms of spelling and abbreviation used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations”’ on pages 5and6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following: (a) title, (6) 
author(s) and complete name of institution or laboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All such 
supplementary sheets, except the title, author(s), and running 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that the matter to be set in different 
type sizes can be separated. 


Title 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘“‘Experimental 
Procedure’”’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) ‘‘Discussion,’’ (e) 
*‘Summary,”’ (f) “‘References.’? The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, in this order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,’’ ‘‘personal communications,”’ etc., must be 
made in footnotes, and not included in the References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words “‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in them have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 


beginning of the paper. 
Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 
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should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 
inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. Black India ink should be used throughout. Generally, 


figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 34-inch width. Ocea- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw. 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X, @,0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. The cost of half-tone reproduc- 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Eaoh figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5. Such short papers will not necessarily be restricted to new 
experimental findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 
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Instructions to Authors 5 


The aim of the Journal in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
rivial changes will not be accepted by the Editor. Newly ob- 


tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a ‘‘note added in proof’’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 EK. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The cost of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 


length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 
that appendages may be hyphenated to it (e.g. AMP-sulfate, 
acyl-AMP). 


It is suggested that abbreviated names be hyphen- 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl 
(CH;OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,’’ may 
be used; as also “folate-H.” for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH,OH-folate-H,.”’ 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (cf. 
Biochem. J., 66, 8 (1957)): 


DPN (or DPN?*), 
DPNH 


TPN, TPNH 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 

CoA, acyl-CoA coenzyme A and its acyl derivatives 


(e.g. acetyl, etc.) 
AMP, GMP, IMP, the 5’-phosphates of ribosyl adenine, 
UMP, CMP guanine, hypoxanthine, uracil, cy- 
tosine 
2’-AMP, 3’-AMP (5’- the 2’-, 3’-, (and 5’-, where needed for 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5’(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 


UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 


P;, PP; inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 


16, 224 (1947)): 


Gly, Ala, Val, Leu, glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamy]l, 
Glu-NH, Asp-NH, glutaminyl, asparaginy] 
Ser, Thr, Tyr, seryl, threonyl, tyrosyl, 


Hypro, Hylys hydroxyprolyl, hydroxylysy] 


These symbols should be separated from each other by periods 
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(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown ge. 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free amino acids, the names of 
which should be written out in full. 

(6) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gf, Fru, Gal, Rib, deoxy- glucose, fructose, galactose, ribose, 
Rib (dRib), etc. deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactosamine. Configura- 
tion symbols (L-, p-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphory]-adenyly]- (3’-5’) -guan- 


osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 
adenylyl-(3’-5’)-guanosine 3’-phos- 
phate 
adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


ApGp 


ApG-cyclic-p 


for polydeoxyribonucleotides: 


d-pApGpT 5’-O-phosphoryl-deoxyadenyly I-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


t Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram ug (not y) 
millimole mmole (not mm) 
micromole umole (not uM) 
Units of Concentration 
molar (mole /liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 
meter m 
centimeter cm 
millimicron my 
Angstrom (10~* cm) A 
square centimeter cm? 
cubic centimeter ec, or cm? 
milliliter ml 
microliter (not ) 
sedimentation coefficient s 
sedimentation coefficient in water at 20°, 
extrapolated to zero concentration $009 w 
Svedberg unit of sedimentation coeffi- 
cient sec) S 
diffusion coefficient (usually given in 
cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
l, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index (dentical with e, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous uuless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. S. Gibson, Spectrophotometry (200 to 1,000 
mullimicrons) U. 8S. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 


Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mg** + ATP*—= 
MgATP*, the association constant is: K = (MgATP?-)/(Mg**) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec™! (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in sec™!. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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Fifth International Conference on 
Biochemical Problems of Lipids 
to be held in 


Marseille, July 20-23, 1960 
Subjects: The Enzymes of Lipid Metabolism 


Sections: (1) Techniques 
(2) Hydrolysis 
(3) Oxidative Degradation 
(4) Biosynthesis 


For information please write Professor P. Desnuelle 
Faculté des Sciences 
Place Victor Hugo 
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Formation in Vivo of Glycogen by Certain Intermediates 
of the Lactate-Propanediol Pathway* 


KENNETH H. SHULL AND O. NEAL MILLER 


From the Department of Biochemistry and the Nutrition and Metabolism Research Laboratory of the Department 
of Medicine, Tulane University School of Medicine, New Orleans, Louisiana 


(Received for publication, June 22, 1959) 


It has been observed by Miller and Olson (1) in experiments 
with heart muscle slices with the use of pyruvate and lactate as 
substrates in an anaerobic system that 0.1 m fluoride completely 
inhibited the utilization of pyruvate while lactate utilization was 
unimpaired. Since fluoride inhibits the enolase reaction in the 
Embden-Meyerhof glycolytic pathway, it was postulated that 
lactate could be metabolized by an alternative pathway not in- 
volving its conversion to pyruvate. Miller et al. (2) suggested 
that the alternative lactate pathway might involve lactaldehyde, 
acetol, and 1,2-propanediol either in the free or phosphorylated 
forms. Huggins and Miller (3) and Sandman and Miller (4) have 
demonstrated the conversion of 1 ,2-propanediol to acetol as well 
as the conversion of acetol to 1,2-propanediol under anaerobic 
conditions using yeast cells. Lactaldehyde was also converted 
to 1,2-propanediol, lactate, and acetol. Yeast cells appear to 
utilize the nonphosphorylated rather than the phosphorylated 
forms of these intermediates (4). 

Sellinger and Miller (5, 6) have reported that rat liver and 
kidney homogenates convert acetol to acetol phosphate in the 
presence of ATP, and that acetol phosphate can be reduced to 
1,2-propanediol 1-phosphate in the presence of DPNH by a 
specific dehydrogenase. 

Huang and Miller (7) have suggested that the naturally occur- 
ring methylpentose, L-fucose, could be synthesized from L-lactal- 
dehyde and dihydroxyacetone phosphate. In the presence of 
aldolase these two compounds form 6-deoxy-L-sorbose 1-phos- 
phate which in the presence of the appropriate epimerase and 
isomerase could form L-fucose 1-phosphate. 

Hanzlik et al. (8) have shown that 1,2-propanediol is glyco- 
genic in the fasted rat. Rudney (9) fed male rats pL-propane- 
diol labeled with C" in the C-1 position and determined the label 
in the glucose isolated from the liver glycogen. The relatively 
high activity of the 3,4-carbons of the glucose suggested that at 
least some of the propanediol was converted directly to lactate. 

If acetol and lactaldehyde are intermediates in the conversion 
of 1,2-propanediol to lactate, they would be expected to be gly- 
cogenic since lactate is readily converted to glycogen. It was, 
therefore, decided to investigate the glycogenic potency of these 
intermediates. The formation of glycogen from L-fucose was 
also studied. A preliminary report of this work has been pre- 
sented (10). 


* This work was supported by the Division of Grants and Fel- 
lowships, National Institutes of Health, United States Public 
Health Service Grant No. H-1525. 
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EXPERIMENTAL 


Male, Carworth Farm white mice weighing between 20 and 35 
g were used in all experiments. The mice were fasted for 21 
hours and then given injections of the compound under study. 
Three hours later they were killed and their livers removed and 
the glycogen determined by the method of Good et al. (11). All 
compounds were dissolved in an aqueous solution and injected 
intraperitoneally in a dose of 200 mg per 100 g body weight. The 
control animals for the L-fucose, pL-lactaldehyde, and acetol ex- 
periments received 10% sodium chloride solution injections. In 
the experiments where two compounds were administered 200 
mg per 100 g body weight of each substance under investigation 
were given. 

Acetol (monohydroxyacetone CH;—C—-CH:—OH) was pre- 
pared from acetol acetate by transesterification with methanol. 
The product had a boiling point of 48-50° at 15 mm pressure. 

OH O 


pL-Lactaldehyde (CH;—CH—C—H) in the form of a solid dimer 
was used. This dissociates into the monomeric form when dis- 
solved in water. L-Fucose was a product of Nutritional Bio- 
chemicals Corporation; pL-lactate was a product of the Mallin- 
ckrodt Chemical Works. 

L-Fucose was determined by the colorimetric procedure for 
methylpentoses of Dische and Shettles (12). Glucose was de- 
termined by the Somogyi method (13) with the Nelson colori- 
metric reagent (14). 

In the experiment to test for the metabolism of L-fucose 13 
mice which had been fasted for 21 hours were employed. Ten 
mice received intraperitoneally 200 mg of L-fucose per 100 g body 
weight, and three received 10% sodium chloride solution injec- 
tions. Three hours after receiving the fucose or sodium chloride 
solution the mice were killed, the tail, skin, and head were dis- 
carded and the rest of the carcass including the blood was homog- 
enized in 200 ml of water. Ten milligrams of L-fucose were 
added to the water before homogenizing the sodium chloride-con- 
trol animals. This gave an indication of how quantitatively 
fucose could be recovered from this system by the Dische and 
Shettles analytical technique. Urines and feces were collected 
from seven of the mice during the 3-hour period after receiving 
fucose. Urines and feces were not collected from three of the 
mice receiving fucose. The urines and feces were homogenized 
with the carcasses. The homogenates were centrifuged and the 


TaBLeE I 
Formation of liver glycogen from various 
substrates in fasted mouse 


Substrate Glycogen* Probability 
2/100 g liver 

a 18 0.403 + 0.060 <0.01 
18 0.179 + 0.051 
pL-Lactaldehyde.......... 15 1.101 + 0.175 | <0.01 
15 0.370 + 0.093 
18 0.125 + 0.053 | >0.05f 
17 0.117 + 0.037 
L-Fucose + p-glucose..... 6 1.099 + 0.132 | >0.05t 
6 1.256 + 0.131 
L-Fucose + p.L-lactate..... 12 1.022 + 0.195 | >0.05t 
12 1.116 + 0.147 


* Expressed as glucose mean + standard error. 
t Not statistically significant. 


supernatant fluids collected and made up to a volume of 250 ml 
with water. To an aliquot of 1 ml of this supernatant fluid was 
added 1 ml of 10% trichloroacetic acid to precipitate the protein. 
The volume was adjusted to 4 ml with water and the protein re- 
moved by centrifugation. Aliquots of 1 ml were used for the 
analysis of methylpentose. 


RESULTS AND DISCUSSION 


Stéhr and Miiller (15) have reported that acetol (200 mg per 
100 g body weight) administered to rats fasted for 24 hours did 
not significantly affect the level of liver glycogen. The results 
of our experiments presented in Table I do not support this con- 
clusion. Acetol significantly increased the level of liver glycogen 
in mice fasted 24 hours. An even greater increase in liver gly- 
cogen was obtained when pti-lactaldehyde was given to fasted 
mice. The response to pi-lactaldehyde is comparable to that 
produced by pt-lactate. The increase in liver glycogen in re- 
sponse to acetol reported here is similar in magnitude to that 
reported by Stéhr for methylglyoxal (pyruvaldehyde)-treated 
rats (16). All of the proposed intermediates, 1 ,2-propanediol, 
acetol, and lactaldehyde, in the alternative anaerobic lactate 
pathway have now been shown to be glycogenic. This lends 
support, although it is not proof, to their participation in such a 
pathway. The question of whether the nonphosphorylated or 
phosphorylated forms of these compounds participate in the 
mammalian organism is under study in this laboratory. Pre- 
liminary investigation indicates that both rat and mouse liver 
contain an enzyme system which in the presence of DPN cata- 
lyzes the oxidation of acetol. The product of this reaction has 
not been identified; however, the oxidation of the primary alcohol 
group in acetol by the removal of two hydrogens would produce 
methylglyoxal. Methylglyoxal through the enzymic action of 
the glyoxalases yields p-lactate. The latter compound is con- 
verted to the naturally occurring L-lactate through the enzy- 
mic action of aracemase. The phosphorylation in vitro of acetol 
to acetol phosphate and the reduction of this compound to 1,2- 
propanediol 1-phosphate has been shown to occur in liver and 
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kidney homogenates by Sellinger and Miller (5, 6). The me- 
tabolism of acetol phosphate is not understood. It may be de- 
phosphorylated and form lactate through methylglyoxal, or it 
may also be converted to L-lactaldehyde phosphate which in 
turn may be dephosphorylated and oxidized to L-lactate. 

L-Fucose, a methylpentose which occurs in blood group sub- 
stances (17) and purified preparations of intrinsic factor (18), 
failed to influence the level of liver glycogen. If the catabolism 
of this sugar follows a reversal of its proposed anabolism (7) it 
would be expected that L-fucose would be glycogenic since it 
would form 1 mole of dihydroxyacetone phosphate and 1 mole of 
L-lactaldehyde per mole of sugar. The failure of L-fucose to form 
glycogen might be due to the failure of the animal to metabolize 
this compound in a 3-hour period or it might be due to the inhibi- 
tion by L-fucose of one or more enzyme systems. Both of these 
possibilities were tested. 

The seven mice that received 200 mg of L-fucose per 100 g body 
weight, and whose urines and feces were collected metabolized 
an average of 38.3% with a standard error of 2.3% of the amount 
of t-fucose given them in a 3-hour period. In the three mice 
which received the same dose of L-fucose but whose urines and 
feces were not collected, an average of 69.5 + 10.9% of the ad- 
ministered fucose was not recovered. Approximately 31% of the 
L-fucose was therefore excreted in the urine, 38% was metabo- 
lized, and 31% was left unchanged during this 3-hour period. 
The recovery of L-fucose from the control homogenates was good; 
8.3 + 2.5 mg of the 10 mg added were recovered. Appreciable 
quantities of L-fucose were metabolized. Therefore, from these 
results it appears unlikely that failure to metabolize L-fucose 
could account for the observations reported here. 

The possibility that L-fucose as L-fucose 1-phosphate might 
compete for the active center of aldolase or phosphorylase, or 
both, and thus block the formation of fructose 1 ,6-diphosphate 
or glycogen, or both, was tested by giving L-fucose in combination 
with pL-lactate and p-glucose. Table I lists the results of these 
combined experiments. tL-Fucose did not significantly depress 


the formation of glycogen from either p.L-lactate or p-glucose. 


Since it has been reported that fructose could be isolated from 
the liver glycogen of pregnant rabbits (19), the possibility that 
L-fucose had been incorporated into the liver glycogen was in- 
vestigated. The incorporation of L-fucose into glycogen would 
block the branching of this polymer by virtue of the methyl] group 
at position 6. No methylpentose was found in the glycogen hy- 
drolysates from the livers of five mice given 200 mg per 100 g 
body weight of this substance. It appears that L-fucose may be 
metabolized by another pathway than that mentioned above. 
Ginsburg (20) has reported that dialyzed crude extracts of Aero- 
bacter aerogenes in the presence of TPNH are able to convert 
guanosine diphosphate mannose to guanosine diphosphate fucose. 
This latter nucleotide has been isolated not only from A. aero- 
genes (21) but also from sheep milk (22). It is possible that this 
synthetic pathway for L-fucose may be the prevalent one in man- 
malia and that the catabolic breakdown of L-fucose does not 
yield intermediates which form glycogen. It is also possible that 


L-fucose may form other sugars which are broken down to glyco- 
genic 3-carbon compounds too slowly to form glycogen under the 
conditions of these experiments. Under fasting conditions the 
supply of L-lactaldehyde and dihydroxyacetone from t-fucose 
may have been only sufficient to supply the energy requirements 
of the mouse. 


= 


552 
| 


March 1960 


SUMMARY 


Acetol and pt-lactaldehyde, two proposed intermediates in the 


lactate-propanediol pathway, formed liver glycogen in the fasted 
mouse. The naturally occurring methylpentose, L-fucose, did 
not form significant amounts of liver glycogen in the fasted 
mouse. The implications of these findings are discussed. 
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Earlier reports (1, 2) showed that the activities of four hepatic 
enzymes involved in the utilization of glucose 6-phosphate were 
altered, some of them dramatically, simply by substitution of 
diets rich in free hexoses (glucose or fructose) for a stock diet 
devoid of them. The adaptation by four enzymes led us to 
explore the extent and nature of the adjustment. We sought 
to learn whether it went beyond the enzymes concerned with 
the immediate fate of glucose 6-phosphate and if so, whether it 
was patterned upon known changes in metabolism. In the 
present investigation we therefore studied the activities of a 
total of 17 enzymes that function in the Embden-Meyerhof and 
hexosemonophosphate oxidative pathways, the tricarboxylic acid 
cycle, and amino acid metabolism. 


EXPERIMENTAL 


Treatment of Animals—Animals were treated as previously 
described (1), with one exception. Freedland and Harper (3) 
have shown that more than 3 days are required to complete the 
adaptation of glucose 6-phosphatase to a new diet. For this 
reason, in the present study, enzymatic activities were measured 
after rats had been fed a 60% hexose diet for 7 days. 

Enzyme Assays—aAll assays were performed in 3 ml of 0.25 m 
glycylglycine buffer, at pH 7.6, with the previously described (1) 
cytoplasmic suspension. Where nucleotide cofactors were re- 
quired, either 50 ul of 0.012 m TPN or 30 wl of 0.02 m DPNH 
was added. All assays were initiated by the addition of the 
substrate after sufficient preincubation of the homogenate to 
ensure removal of endogenous material that might affect the 
optical density at the wave length used for the assay. Other 
modifications are noted below. 

Fumarase and aconitase were measured by the method of 
Racker (4). 

Malate dehydrogenase (DPN-dependent) was determined by 
the method of Ochoa (5) except for a 10-fold increase in oxal- 
acetate concentration. 

Malate dehydrogenase (TPN-dependent), 7.e. the malic en- 
zyme, was assayed by the method of Ochoa (6) except for a 
3-fold increase in malate concentration. 

Isocitrate dehydrogenase was assayed by Ochoa’s procedure 


(7). 


* Aided by a grant from the National Science Foundation. 

+ This work was completed during tenure of a Postdoctoral 
Research Fellowship of the National Cancer Institute, United 
States Public Health Service. Present address, Department of 
Pharmacology, Stanford University, Stanford, California. 


a-Glycerophosphate dehydrogenase was measured by the 
method of Beisenherz et al. (8) with the following exception: 
since the aldolase’ preparation we used contained no dehydro- 
genase activity, the complex procedure for preparing dihydroxy- 
acetone phosphate was unnecessary, and all reactants were put 
into the cuvette at the same time. Twenty microliters of 0.1 
M fructose 1 ,6-diphosphate were used. 

Aldolase was determined by substituting an a-glycerophos- 
phate dehydrogenase! free of aldolase for the aldolase in the 
preceding determination. 

Lactate dehydrogenase was assayed by the method of Kubo- 
witz and Ott (9). 

Phosphoglycerate kinase was measured by Biicher’s method 
(10) except that only half as much 3-phosphoglycerate was 
used, and 10 wl of a solution containing 0.5 m Mgt+ and 0.5 m 
ATP were used. The phosphoglyceraldehyde dehydrogenase! 
used contained no kinase activity. 

Phosphoglyceraldehyde dehydrogenase was assayed by sub- 
stituting 3-phosphoglycerate kinase! free of dehydrogenase ac- 
tivity for phosphoglyceraldehyde dehydrogenase in the preced- 
ing determination. 

Phosphoglucomutase was measured by substituting glucose 
1-phosphate for glucose 6-phosphate in the procedure for glu- 
cose 6-phosphate dehydrogenase previously described (1), and 
adding the latter enzyme! free of mutase activity and 50 yl of 
0.1 M cysteine. 

Glutamate-aspartate transaminase was assayed by the method 
of La Due et al. (11). 

Glutamate-alanine transaminase was determined by substitut- 
ing alanine for aspartate, and lactate dehydrogenase! for malate 
dehydrogenase! (DPN-dependent) in the preceding determina- 
tion. 

All other enzymes were measured as previously described (1). 

Protein was determined by the method of Warburg and 
Christian (12). 


RESULTS 


The results are recorded in Table I. Substitution of a free 
hexose-containing diet for the stock diet resulted, after 7 days, 
in significant? increases in the activities of (a) the following 


1 Purchased from Sigma Chemical Company, St. Louis, Missouri. 

2 Significance was determined by the Mann-Whitney ‘‘U”’ test 
which is valid under more general conditions than is the usual 
significance test. A difference is said to be statistically significant 
if it occurs less than 5% of the time by chance alone (13). 
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W. M. Fitch and I. L. Charkoff 


TABLE I 


Effect on hepatic enzyme activities of 7-day substitution of 60% glucose- or fructose-containing 
diet for stock diet devoid of free hexoses 
Enzyme activity was calculated as umole of substrate utilized or as ymole of a product formed per minute per unit weight (a) of liver 
protein (specific activity), (b) of liver, and (c) of the rat. Since the response of each enzyme to a given diet was about the same re- 
gardless of the method of calculation, only specific activities, umoles per minute per g of protein (+ standard error), are given below. 
Each value is the average of separate determinations on six rats unless otherwise stated. 


60% glucose diet 60% fructose diet 
Change f hange f 
Specific activity Specific activity 
% % 

9.2 + 0.5 15.8 + 2.4 72* 14.8 + 1.4 61* 
Glucose 6-phosphatasef.......................222... 29 + 1.1 32 + 2.0 10 42 + 0.5 45* 
6-Phosphoglucose dehydrogenasef................... 6.3 + 0.3 66.4 + 12.2 950* 72.5 + 13.5 1050* 
6-Phosphogluconate dehydrogenase{................ 13.3 + 1.1 33.9 + 6.6 155* 50.5 + 1.1 280* 
6-Phosphoglucose isomerasef........................ 580 + 28 750 + 52 29* 980 + 110 69* 
33.6 + 2.8 39.0 + 3.4 16 53.5 + 8.0 59* 
a-Glycerophosphate dehydrogenasef................. 180 + 18 300 + 17 67* 362 + 45 102* 
3-Phosphoglyceraldehyde dehydrogenase............. 513 + 14 660 + 48 29* 807 + 69 58* 
3-Phosphoglycerate kinase.......................04. 274 + 10 339 + 25 24* 341 + 24 25* 
Lactate dehydrogenase........................2.200. 537 + 27 792 + 55 48* 799 + 60 49* 
18.0 + 1.0 21.6 + 2.2 22 14.6 + 1.6 —18 
Isocitrate dehydrogenase............................ 110 + 3 120 + 8 9 114 + 12 4 
caw 197 + 5 220 + 19 21 188 + 18 2 
Malate dehydrogenase (DPN)....................... 1560 + 84 2310 + 111 48* 2300 + 153 47* 
Malate dehydrogenase (TPN)....................... 922+ 1.2 52.6 + 14.1 470* 114 +7 1140* 
Glutamate-aspartate tranmsaminase................... 160 + 11 194 + 11 29* 204 + 19 13 
Glutamate-alanine transaminase..................... 41.5 + 2.9 53.6 + 3.7 16* 46.8 + 3.7 23* 


* Change significant at the 57% level (see text). 
+ The 60% hexose diets fed for only 3 days (1). 
t Averages from determinations on four rats. 


enzymes involved in the operation of the hexose monophosphate 
oxidative pathway: phosphoglucose dehydrogenase and _ phos- 
phogluconate dehydrogenase ; (b) the following enzymes involved 
in the Embden-Meyerhof pathway: phosphoglucomutase, a- 
glycerophosphate dehydrogenase, aldolase (fructose diet only), 
phosphoglyceraldehyde dehydrogenase, 3-phosphoglycerate ki- 
nase, and lactate dehydrogenase; (c) the Krebs cycle enzyme, 
malate dehydrogenase (DPN); (d) the transaminases, gluta- 
mate-aspartate and glutamate-alanine (glucose diet only); and 
(e) malate dehydrogenase (TPN). 

Significant differences in enzyme activities were also observed 
between the glucose- and fructose-fed rats. These included 
glucose 6-phosphatase, aldolase, phosphogluconate dehydrogen- 
ase, and malate dehydrogenase (TPN). A limited number of 
observations (not recorded here) indicated that fructokinase is 
also increased in the fructose-fed rat. 


DISCUSSION 


The metabolic behavior of the livers of our rats fed various 
diets has been extensively studied (14-16; footnote 3), and in 
the following sections we have compared changes induced in 
metabolism by an alteration in diet with those induced in en- 
zymatic activities of the liver. In particular, a pattern was 
looked for in terms of usage of an over-all reaction sequence 
(extent of glycolysis, lipogenesis, etc.) and the activities of 
various enzymes involved in that sequence. 


*N. Nejad, R. Hill, and J. W. Bauman, unpublished observa- 
tions. 


Glycolytic Patterns—The substitution of the fat-free, 60% 
hexose diets for the stock diet resulted in significantly increased 
activities in phosphoglucose isomerase, phosphoglyceraldehyde 
dehydrogenase, and phosphoglycerate kinase. The increased 
activities of these Embden-Meyerhof enzymes undoubtedly 
reflect the greater glycolytic throughput that resulted from the 
feeding of the high hexose diets. It has been demonstrated, for 
example, that the livers of rats fed a 60% glucose diet have a 
much greater capacity for incorporating glucose carbon into 
fatty acids than do livers of rats fed the stock diet (14). 

The activity of lactate dehydrogenase was also significantly 
elevated. This elevation in activity may be related to the rise 
in blood lactate which has been reported to occur in humans 
(17, 18) and dogs (19) infused with glucose or fructose. 

Lipogenic Patterns—Hill et al. (14) have shown that the sub- 
stitution of a 60% glucose diet for a stock diet containing no 
free hexoses results in an 8- to 10-fold increase in the liver’s 
capacity to convert glucose carbon to fatty acids and in a 2-fold 
increase in its capacity to incorporate acetate carbon into fatty 
acids. It is of interest here that a-glycerophosphate dehydro- 
genase, which is responsible for the glycerol moiety of neutral 
fats, was also greatly elevated by the feeding of the hexose- 
containing diets. 

A number of workers (20-22) have called attention to a possi- 
ble relation between lipogenesis and TPNH production by way 
of the hexose monophosphate oxidative pathway. The 3- to 
10-fold elevation in activities of the glucose phosphate dehydro- 
genases shown to follow the feeding of the 60% hexose diet is 
in line with such a view (cf. also (23)). 


555 
om 
n 

he 
ym: 
\ro- 

y- 
ut 
0S- 

he 

M 
se! 
ib- 
iC- 
lu- 
nd 

of 

od 

t- 
ite 

a- 

1). 
nd | 

ee 

ng 
Tl. 
est 

al 


556 


The large and highly significant increase in malate dehydro- 
genase (TPN) interested us because of the claims that the glu- 
cose-phosphate dehydrogenases serve to provide TPNH for 
lipogenesis. The proximity of malate dehydrogenase to pyru- 
vate suggests that the former may have a role in lipogenesis. 
It may be noted that a-keto acyl dehydrogenases are involved 
in formation of many CoA derivatives. They participate in the 
catabolism of amino acids, and are particularly prominent in 
formation of acetyl-CoA and succinyl-CoA by pyruvate dehy- 
drogenase and a-keto glutarate dehydrogenase, respectively. 
The operation of a similar enzyme, oxaloacetate dehydrogenase, 
could produce malonyl-CoA, which has been implicated in the 
synthesis of fatty acids (24, 25). A preliminary experiment, 
however, failed to give any evidence to support the existence of 
such an enzyme.‘ 

Glucogenic Patterns—The effects produced by feeding the 60% 
fructose diet differed in several important respects from those 
produced by feeding the 60% glucose diet. Pronounced differ- 
ences in the effects of these two diets were observed in glucose 
6-phosphatase (also found by Freedland and Harper (3)), phos- 
phoglucose isomerase, and aldolase. Mokrasch et al. (27), and 
more recently Freedland and Harper (28), have shown a signifi- 
cant increase in fructose 1 ,6-diphosphatase activity in fructose- 
fed rats. Furthermore, Kuyper (29) has reported a significant 
increase in fructokinase under fructose feeding, an observation 
which we have confirmed in a limited number of cases. It is 
striking that these are precisely the enzymes necessary for the 
conversion of fructose to glucose (aldolase does double duty since 
it both splits fructose 1-phosphate and forms fructose 1 ,6-di- 
phosphate). 

Two other enzymes, 6-phosphogluconate dehydrogenase and 
malate dehydrogenase (TPN), differed significantly in the glu- 
cose- and fructose-fed rats. We know of no metabolic data that 
can be related to this finding, but it may be noted that the 
TPNH produced by the first enzyme could drive the reaction of 
the second enzyme in the conversion of hexoses to tricarboxylic 
acid cycle intermediates. 

Glycogenic Patterns—Phosphoglucomutase activity is signifi- 
cantly elevated in the rat fed a high hexose diet for 7 days. In 
our previous paper (3 days on diet), we found no change in 
activity of thisenzyme. This reflects well the finding that liver 
glycogen levels of the rats fed the 60% glucose diet were higher, 
after 7 days of feeding (15, 16, footnote 3), but not after 3 days 
(15), than were those of animals fed the stock diet. 

Nitrogen-sparing Patterns—Significant elevations in _trans- 
aminase activity occurred in 3 of the 4 instances in which this 
measurement was made. This may be related to the nitrogen- 


4In one experiment fumarate-2,3-C' was incubated in a fatty 
acid synthesizing homogenate (26) shown to contain fumarase and 
malate dehydrogenase (DPN) to which had been added unlabcled 
acetate. The control mixture was identical in composition except 
that it contained unlabeled fumarate and acetate-1-C'*. Incor- 
poration of fumarate into fatty acids was negligible by comparison 
to acetate incorporation. Furthermore, if we restrict ourselves 
to known enzymes, malonyl-CoA formation from acetate via oxal- 
acetate would require, in accord with known labeling patterns of 
fatty acids, the passage of acetate through the pyruvate pool. 
In addition, Matthes and Abraham (unpublished observations) 
found that the incorporation of C'* of pyruvate-2-C"' into fatty 
acids is markedly inhibited by acetate, but that the incorporation 
of C'™ of acetate-1-C' is only slightly inhibited by pyruvate. 
Both this experiment and the labeled fumarate experiment argue 
against an oxidative decarboxylation of oxalacetate for malonyl- 
CoA formation. 
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sparing effect of carbohydrate. Miller et al. (30) have postu- 
lated that high glycolytic activity, by its tendency to build up 
reduced pyridine nucleotide levels, shifts the equilibrium of the 
glutamate dehydrogenase reaction 


a-ketoglutarate + NH; + 2H ~ glutamate + H.O 


so as to conserve ammonia. Then, through the operation of the 
transaminases, the a-ketoglutarate is regenerated. Our results 
are consistent with this picture. 

Oxidative Patterns—It has been shown that the substitution 
of the 60% glucose diet does not increase significantly the liver’s 
capacity for oxidizing acetate to CO2 (15), and Table I shows 
that the tricarboxylic acid cycle enzymes, with the single ex- 
ception of malate dehydrogenase (DPN), are likewise not in- 
creased significantly by this diet. The exception may perhaps 
be understood in the context of the metabolic pattern of nitrogen 
considered in the previous section. In the movement of pyru- 
vate to malate to oxaloacetate to asparate, three enzymes are 
involved, the activities of which are all elevated significantly by 
the feeding of either hexose diet. The first of the three enzymes 
in the sequence is malate dehydrogenase (TPN) and, apart from 
previous considerations under the section on lipogenic patterns, 
a portion of its rise in activity may be associated with the rela- 
tions presented here. The second enzyme is malate dehydro- 
genase (DPN). It is the only tricarboxylic acid cycle enzyme 
necessarily involved in aspartate formation and is the only 
tricarboxylic acid cycle enzyme whose activity was increased 
significantly. The third enzyme, treated in the previous sec- 
tion, is glutamate-aspartate transaminase. 

Consideration of the above 6 patterns has led us to draw the 
following conclusions: (a) The level of an enzyme’s activity is 
related to the metabolic activity of the pathway in which the 
enzyme participates; (b) a change in this level reflects, qualita- 
tively, alterations in usage (throughput) of that metabolic 
pathway; and (c) alterations in enzymatic activity may be broad 
in extent, rather than involving only one key, rate-limiting 
enzyme in each pathway. 

Our second conclusion states that, when the activity of an 
enzyme changes significantly in a given direction, a correspond- 
ing change generally has occurred in the metabolic activity or 
throughput of the pathway in which the enzyme participates. 
This should not be taken to imply that a change in throughput 
of a metabolic pathway will necessarily be associated with a 
corresponding change in an enzyme involved in that pathway. 
Since we found that changes in metabolic activity do, in some 
instances, precede changes in enzymatic activity, we prefer to 
regard enzymatic changes as reflecting alterations in metabolic 
activity of the pathway in which the enzymes participate.® 

The idea that an increased throughput in a metabolic path- 
way increases the activity of enzymes involved in the pathway 
has been postulated by Freedland and Harper (28). They 
studied the effect of substituting many sugars for dietary glu- 
cose on the activity of glucose 6-phosphatase and fructose 
1 ,6-diphosphatase, and observed an increased enzymatic activ- 
ity when the given enzyme was required for the conversion of 
the fed sugar to glucose. They interpreted the absence of an 
increase in enzymatic activity as evidence that the throughput 
had not increased. 

Some possible mechanisms by which external factors, such as 
dietary changes, may alter metabolism remain to be considered. 


5 Walter M. Fitch, unpublished observations. 
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Since all substrates and known available cofactors were used in 
the enzymatic assays in concentrations that prevented their 
being rate limiting, it is apparent that an explanation for the 
observed alterations in enzymatic activity is not likely to be 
found in cofactors and substrates. 

An alternative mechanism by which metabolism might be 
altered would be a change in the turnover rates of enzymes. As 
turnover implies synthesis and breakdown, an increase in en- 
zymatic activities might occur simply by stoppage of the break- 
down reaction. Heimberg and Velick (31) and Simpson and 
Velick (32) have shown that the protein turnover of aldolase 
and 3-phosphoglyceraldehyde dehydrogenase is about 1% per 
day, or 7% in 1 week. Since, by substituting the free hexose 
diets for the stock diet, we observed increases of 16 to 59% in 
the activities of these two enzymes, it would appear that cessa- 
tion of enzyme degradation can account, in 1 week, for only a 
portion of the observed enzymatic changes. 

A third mechanism might involve the synthesis of enzymes. 
For example, Freedland and Harper (33) have presented evi- 
dence favoring the view that the greater activity of glucose 
6-phosphatase observed after fructose feeding results from an 
increased synthesis of this enzyme. Finally, the interesting 
suggestion of Segal et al. (34), that enzymatic activity may be 
increased by an alteration in kinetic characteristics of an en- 
zyme, should be noted here. We are currently exploring this 


possibility. 
SUMMARY 


1. A total of 17 enzyme activities was measured in the livers 
of normal rats that had been fed for 7 days (a) a stock diet 
devoid of free hexoses or (b) synthetic diets that contained 
either 60% free glucose or fructose. 

2. Substitution of either hexose-containing diet for the stock 
diet resulted in significant. increases in the activities of the 
following enzymes: phosphoglucose dehydrogenase, phospho- 
gluconate dehydrogenase, phosphoglucomutase, a-glycerophos- 
phate dehydrogenase, phosphoglyceraldehyde dehydrogenase, 
3-phosphoglycerate kinase, lactate dehydrogenase, malate de- 
hydrogenase (tri- and diphosphopyridine nucleotide-dependent), 
and glutamate-aspartate transaminase. 

3. The following enzyme activities were higher in the fructose- 
fed than in the glucose-fed rats: glucose 6-phosphatase, phospho- 
gluconate dehydrogenase, aldolase, fructokinase, and malate 
dehydrogenase (triphosphopyridine nucleotide). 

4. The patterns interrelating the changes in metabolic and 
enzymatic activities are discussed. Possible mechanisms to 
account for the observed changes in enzymatic activities are 
also considered. 
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In a previous communication (1), we described a soluble en- 
zyme system from rat liver extracts which catalyzed the follow- 
ing reaction: 
p-Glucose 6-phosphate or p-Fructose 6-phosphate 


+ L-glutamine — p-glucosamine 6-phosphate + L-glutamate 


There was an absolute specificity for the amino donor, and two 
lines of evidence suggested that glucose 6-phosphate was a more 
immediate precursor of the hexosamine than fructose 6-phos- 
phate. (a) The relative activity with glucose-6-P compared to 
fructose-6-P was found to increase on purification of the enzyme. 
(b) The addition of glucose-6-P during homogenization of the 
liver at 0° gave extracts with much higher “aminotransferase” 
activity. This increased activity was not observed when fruc- 
tose-6-P was added in place of glucose-6-P. Since glucose-6-P 
also had a marked protective effect upon the aminotransferase 
of liver extracts, this higher activity under conditions where phos- 
phohexoisomerase activity should be very low was presumed to 
reflect the role of glucose-6-P as the more immediate hexose sub- 
strate. 

Blumenthal et al. (2), however, reported that fructose-6-P and 
not glucose-6-P was the substrate for a similar enzyme from 
Neurospora. In order to obtain a more definitive answer to this 
problem, the rat liver enzyme was purified in the presence of 
glucose-6-P. The results of studies with this preparation and of 
further studies on the substrate specificity of enzyme fractions 
obtained in the absence of glucose-6-P are the subjects of the 
present communication. Some preliminary studies on an inacti- 
vating factor whose effect on the aminotransferase is inhibited 
by the presence of glucose-6-P also are included. 


RESULTS 


Partial Purification—A 25-fold purification was obtained by 
the following procedure. All steps were carried out at 0—4° un- 
less otherwise indicated. Livers from exsanguinated rats were 
immediately placed in ice. After the chilled liver was rinsed 
with 0.9% NaCl and blotted dry, it was homogenized for 2 to 3 


* This investigation was supported by a research grant (No. 
B-141) from the National Institute of Neurological Diseases and 
Blindness, National Institutes of Health, United States Public 
Health Service. 

t Postdoctoral Research Fellow of the National Institutes of 
Health. 

t Special Trainee of the National Institutes of Health. Present 


address, Chemical Department, Carlsberg Laboratory, Copen- 


hagen, Denmark. 


minutes at low speed in a Waring Blendor in a solution containing 
KCl (0.154 m), EDTA! (0.001 m), and glucose-6-P (0.012 m), and 
adjusted to pH 7.2; 2 ml of solution were used for each gram of 
liver. After centrifugation for 90 to 120 minutes at 18,000 x 
g;? the supernatant fluid was decanted. Approximately 200 ml 
quantities of the supernatant were used for the purification of 
the enzyme, and stirring was continued for 15 minutes after each 
addition. The supernatant, whose temperature was 4°, was 
placed in a “‘deep freeze” at —26° and 0.175 volume of 95% eth- 
anol, previously cooled to —26°, was added dropwise with stir- 
ring. The precipitate was collected by centrifugation at —4° 
for 20 minutes. To the resultant supernatant fluid, 0.14 volume 
of ethanol (cooled to —26°) was added in the deep freeze. After 
centrifuging as above, the “‘alcohol precipitate” was redissolved 
to a protein concentration of 1.4% in a solution containing Naz: 
HPO, (0.1 m), EDTA (0.01 Mm), and glucose-6-P (0.024 m) and 
adjusted to pH 7.5. 

A saturated solution of ammonium sulfate containing 0.01 m 
EDTA (apparent pH adjusted to 7.5 with NH3) was then added 
dropwise to a concentration of 2.0 m (1.03 ml of ammonium sul- 
fate per ml of protein solution, (3)). After removal of the pre- 
cipitate by centrifugation, saturated ammonium sulfate was 
added to the supernatant to a concentration of 3.1 m (1.38 ml 
per ml of supernatant) and the precipitate was collected by cen- 
trifugation and redissolved in water. This fraction contained 
50 to 70% of the original activity and had specific activities rang- 
ing from 0.28 to 1.21 umoles of hexosamine formed per hour per 
mg of protein. Two typical purifications are summarized in 
Table I. 

The activity could be preserved for 3 to 4 weeks if the mate- 
rial was properly stored. Best results were obtained when the 
precipitate was dissolved in a solution at pH 7.5 containing Naz: 
HPO, (0.05 m) and glutathione (0.05 m), and then lyophilized and 
stored at —20°. This material was used for most of the present 
studies and will be referred to as Fraction A. 

Properties of Purified Enzyme—Neither DPN nor TPN at final 
concentrations of 0.4 mM had any effect upon activity with either 
hexose-P. Pyridoxamine 5-phosphate at a final concentration 
of 0.1 mm inhibited the activity with glucose-6-P by 43%. 

Although GSH inhibited the aminotransferase in the 18,000 
X g supernatant fluid, activation by both GSH and cysteine was 


1 EDTA is ethylenediaminetetraacetate. 

2 In later experiments, the homogenate first was centrifuged 10 
minutes at 2,000 X g, and the supernatant then was centrifuged 
90 minutes at 18,000 X g. 
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TABLE 
Purification of rat liver aminotransferase in presence of glucose 6-phosphate 
The hexose 6-phosphate used as substrate in the assay was glucose-6-P except where indicated otherwise. 
Experiment Fraction Total activity | Total protein Specific activity Recovery P re 
pmoles mg pmoles/hr/mg protein| % 
1 18,000 X g supernatant fluid 576 11,780 0.049 
Alcohol precipitate 433 1,700 0.254 75 5.2 
Ammonium sulfate precipitate (2.0-3.1 m) 357 295 1.21 62 25 
2 18,000 XK g supernatant fluid 319 9,180 0.035 
Alcohol precipitate 146 1,320 0.11 3.1 
219* 0.17* 4.9* 
Ammonium sulfate precipitate (2.0-3.0 m) 216 272 0.79 68 23 
216* 0.79* 23* 
* Fructose-6-P used as substrate. 
TABLE II lu 
Effect of glutathione and cysteine on aminotransferase activity < 
Hexose 6-phosphate substrate was glucose-6-P except where = 
indicated otherwise. GSH or cysteine was added to a final con- - 04 
centration of 10 mM. 
Experi- : Incuba- Hexosamine Ow 
& ment Enzyme fraction then thane —SH source 
oO 
Ars pmoles/ml © O 
1 18,000 X g supernatant 1 none 0.58 wm 0.2 
GSH 0.49 J 
2 Alcohol precipitate 2 none 0.09 
GSH 0.22 O 
cysteine 0.25 = 
3 | Alcohol precipitate 2 none 0.31 + 
GSH 0.59 
4 Fraction A | 2 none 0.36 
HEXOSE 6-PHOSPHATE 
GSH* 0.59 (UMOLES/mIi.) 


* Fructose-6-P used as substrate. 


observed with the use of the more purified enzyme fractions 


(Table IT). 


The activation was more pronounced with glucose- 


6-P than with fructose-6-P as substrate (Experiment 4, Table 
II). This effect was further demonstrated by dialysis experi- 


ments with the purified Fraction A (Fig. 1). 


Before dialysis, 


aminotransferase activity was the same with either hexose-P in 
concentrations from 0 to 10 mm. Dialysis against GSH did not 
alter this relative activity appreciably, whereas dialysis without 
GSH produced a marked increase in the fructose-6-P to glucose- 


6-P ratio at substrate concentrations above. 2 mM. 


In fact, glu- 


cose-6-P appeared to be inhibitory at higher concentrations. 
These data also indicated the possible existence of two amino- 
transferase systems, but could be explained by destruction of 
phosphohexoisomerase. The presence or absence of the isomer- 
ase in these preparations was not determined. 

With the purified enzyme, the requirement of glucose-6-P for 
protection of aminotransferase activity disappeared. Fraction 
A lost little or no activity upon incubation at 38° in phosphate 
buffer without added substrates for periods up to 25 minutes. 
Presumably the factor which caused the inactivation was re- 


moved during purification. 


Further treatment of Fraction A 


Fig. 1. Effect of dialysis against phosphate buffer with and 
without added glutathione on aminotransferase activity with 
fructose-6-P and glucose-6-P as substrates. Control tubes were 
stopped at zero time and gave identical values with both hexose 
6-phosphates. Two hours incubation at 38°. Dialysis against 
buffer containing glutathione: Fraction A was dialyzed for 3 hours 
at 4° against a solution containing phosphate (10-* m), EDTA 
(10-5 m), and glutathione (10-* m) and at pH 7.5. The dialysate 
was tested for activity in the presence of 10 mm glutathione; 
O——O, glucose-6-P; @——-@, fructose-6-P. Dvralysis against 
buffer: Fraction A was treated as above except that the dialysis 
fluid contained no glutathione; A——A, glucose-6-P; A——A, 
fructose-6-P. 


with ethanol caused destruction of most of the activity, but frac- 
tionation with ammonium sulfate gave preparations characterized 
by increased fructose-6-P to glucose-6-P ratios. Lyophilized 
Fraction A was redissolved in water to a protein concentration 
of 1%, and the enzyme was reprecipitated by the addition of 
0.6 to 0.63 ml of saturated ammonium sulfate per ml of enzyme 
solution. As shown in Table III, the resulting precipitates gave 
up to 7.8 times more hexosamine synthesis with fructose-6-P 
than with glucose-6-P. In addition, inhibition of enzyme ac- 
tivity by higher glucose-6-P concentrations again was observed. 
There were large losses of enzyme in the fractionation and specific 
activities were not increased. It was not possible to obtain prep- 
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TaBLeE III 
Relative aminotransferase activities upon further salt precipitation 
of Fraction A 
Incubation time of 90 minutes at 38°. See text for details. 
Hexosamine formed Activity ratio 
Hexose-6-P 
Experiment fructose-6-P/ 
Fructose-6-P Glucose-6-P glucose-6-P 
pmoles/ml pmole/ml pmole/ml 
1 10 0.264 0.034 7.8 
2 7.5 0.202 0.027 7.5 
3 5 0.426 0.167 2.6 
10 0.525 0.143 3.7 


arations with decreased fructose-6-P to glucose-6-P ratios, 1.¢. 
with activity ratios less than 1. 

Studies with 1.7 to 2.38 M Ammonium Sulfate Fractions—As re- 
ported previously (1), dialyzed enzyme fractions prepared from 
the high speed supernatant of rat liver homogenates by precipita- 
tion with 1.7 to 2.3 mM ammonium sulfate consistently gave greater 
hexosamine formation with glucose-6-P than with fructose-6-P. 
The results obtained with several preparations of this ammonium 
sulfate precipitate, both dialyzed and undialyzed, are summa- 
rized in Table IV. Greater activities with glucose-6-P were 
found with different enzyme concentrations, different incubation 
times, and with the hexose 6-phosphates present at saturation 
concentrations. Moreover, these same results were obtained 
when suitable controls (incubation mixtures complete except for 
glutamine, which was added just before stopping the reaction) 


TABLE IV 
Summary of relative aminotransferase activities obtained with 1.7 to 
2.3 M ammonium sulfate precipitates 
In Nos. 1 to 3, controls were incubated without glutamine and 
this substrate added just before the trichloroacetic acid addition. 
Controls were stopped at zero time in Nos.4and 5. Except where 
noted otherwise, the hexose-6-P concentration was 10 mm. 


Hexosamine formed 
Incuba- Ratio, 
Treatment of enzyme before assay tion fructose-6-P/ 
time — Fructose- | Glucose- | glucose-6-P 
6-P 6-P 
min | pmole/ml | wmole/ml 
1. Dialyzed for 2.5 hours at 90 | 0.02 0.09 0.22 
4° 
2. Dialyzed for 2.3 hours at 60 0.23 0.32 0.72 
4° 31 0.50 0.62 
3. Dialyzed for 1 hour at 4° 
a.* 120 | 0.19 0.40 0.47 
b. 120 | 0.29 0.53 0.55 
c.t 120 | 0.12 0.28 0.43 
4. Undialyzed precipitate al- 
lowed to stand in pres- 
ence of glutamine at 38° 
for 
0 hours 90 | 0.38 0.50 0.76 
3 hours 90 | 0.07 0.22 0.32 
5. Undialyzed precipitate al- 90 | 0.20 0.51 0.39 
lowed to stand overnight 
at 0° in presence of glu- 
tamine 


* The hexose-6-P concentration was 5 mM. 
t The enzyme concentration was one-half that in No. 3b. 
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were run to eliminate any errors caused by the higher blanks 
given by fructose-6-P in the Blix-Elson-Morgan method. 

When such preparations were tested for phosphohexoisomerase 
activity (4), sufficient enzyme was found to cause complete equi- 
libration in 30 minutes. It therefore appears likely that the 
higher activities with glucose-6-P resulted from its ability to 
protect the aminotransferase from inactivation during the short 
time required before sufficient glucose-6-P was formed from fruc- 
tose-6-P when the latter was used as substrate. Presumably 
fructose-6-P affords little or no protection. Experiments with 
galactose-6-P support this hypothesis. Thus, with an enzyme 
preparation with a fructose-6-P to glucose-6-P ratio of 0.5, addi- 
tion of galactose-6-P (40 mmo) had no effect on hexosamine for- 
mation from glucose-6-P but raised that from fructose-6-P to the 
glucose-6-P level. In the presence of only galactose-6-P plus 
glutamine, the enzyme system formed negligible hexosamine in 
this experiment. It has not been shown whether the protective 
effect of galactose-6-P is due to this ester itself or to the small 
amounts of glucose-6-P present in the preparations (>2% by 
measurement with glucose-6-P dehydrogenase). The small 
quantities of hexosamine which were formed from galactose-6-P 
were shown to be glucosamine-6-P, and most likely were formed 
from the glucose-6-P in the preparation. 

Nature of Glucose-6-P-protective Inactivation—Our evidence in- 
dicates that inactivation of the aminotransferase by liver ex- 
tracts, which is inhibited by glucose-6-P, is enzymatic. The 
degree of inactivation increased with time of incubation and, 
since the aminotransferase activity of Fraction A was found to 
be stable at 38°, this inactivation could not have been due to 
heat denaturation. If rat liver was frozen immediately on Dry- 
Ice before homogenization and centrifugation, only small traces 
of aminotransferase activity were found in the 18,000 x g super- 
natant, even with glucose-6-P present during the procedure 
(Table V). Presumably the freezing and thawing process re- 
leased some inactivating agent. It was possible to determine 
the intracellular localization of inactivators with the use of Frac- 
tion A as the aminotransferase and a homogenate of unfrozen 
liver as the source of the inactivators. The results in Fig. 2 show 
that inactivation of the aminotransferase occurred upon “‘prein- 
cubation” with either the 2,000 x g residue (nuclear plus mito- 
chondrial fraction) or the 18,000 x g residue (microsomal frac- 
tion). However, only with the former fraction was inactivation 
prevented by glucose-6-P. The amount of inactivation was al- 
ways less with the 18,000 xX g residue. Surprisingly there was 


TABLE V 
Effect of freezing on activity in 18,000 K g supernatant fluid 

Rat liver was either placed on ice or frozen on Dry-Ice before 
it was homogenized in a glass homogenizer with a solution con- 
taining KCI (0.154 m), EDTA (0.001 m), and glucose-6-P (0.012 m) 
and at pH 7.2. The homogenate was centrifuged 2 hours at 
18,000 X g, and aminotransferase activity determined on equal 
aliquots of the supernatants. 


Experiment Enzyme source Hexosamine formed 
pmole/ml/hr 
1 Unfrozen rat liver 0.349 
Frozen rat liver 0.021 
2 Unfrozen rat liver 0.204 
Frozen rat liver 0.013 
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Fic. 2. Inactivation of aminotransferase by rat liver fractions. 
Aliquots of Fraction A were ‘‘preincubated”’ for 35 minutes at 
38° with various rat liver fractions. The latter were obtained by 
homogenizing rat liver in 4 volumes of isotonic KCl, centrifuging 
10 minutes to precipitate the 2,000 X g residue, and then centrifug- 
ing the 2,000 X g supernatant 90 minutes to prepare the 18,000 X 
g residue and supernatant. Residues were suspended in a third 
of their original volume with KCl. Black bars, preincubation in 
the presence of glucose-6-P; white bars, preincubation without 
glucose-6-P. After preincubation, glutamine was added to the 
first group and glutamine + glucose-6-P to the second and incuba- 
tion continued for 1 hour. 


no inactivation produced by the 18,000 x g supernatant. In 
our earlier experiments (1), inactivators were found in a dialyzed 
solution of the 1.7 to 2.3 mM ammonium sulfate precipitate pre- 
pared from an 18,000 x g supernatant and stored frozen over- 
night. Possibly by this procedure, inactivators were solubilized 
or activated. Glucose-6-P also was found to protect the amino- 
transferase from inactivation by trypsin. Incubation of Fraction 
A with crystalline trypsin produced inactivation and the addition 
of glucose-6-P protected the aminotransferase activity. 

Protective Effect of Glutamine—Glutamine alone did not protect 
Fraction A from inactivation by either of the residue fractions. 
Some protection by glutamine occasionally was observed with 
the 1.7 to 2.3 M ammonium sulfate precipitate, even after the 
enzyme preparation had been dialyzed for 2 hours. The addi- 
tion of galactose-6-P greatly enhanced the protective action of 
glutamine, and much less destruction occurred than that observed 
when either compound was added alone. Moreover, the addi- 
tion of glutamine during homogenization produced extracts with 
higher activities than the untreated controls and also gave pro- 
tection in undialyzed crude extracts (1). The probably explana- 
tion is that complexing or binding between the enzyme and glu- 
tamine, with the resultant protection from inactivation, can only 
occur after glucose-6-P reacts with the enzyme. 


DISCUSSION 


The results of the present study leave unresolved the question 
of the hexose 6-phosphate specificity of the aminotransferase. 
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Since fractions having much higher activities with fructose-6-P 
than glucose-6-P were found, it is very probable that one path- 
way exists in which fructose-6-P is a more immediate hexose 
precursor. This is in agreement with the preliminary communi- 
cations of Roseman et al. (2, 5). However, to explain the ex- 
periments in which higher activities with glucose-6-P were found 
and in which this compound had a protective effect on the amino- 
transferase, one of the following mechanisms seems probable: 

(a) Fructose-6-P is the immediate hexose precursor for the 
aminotransferase and the protective effect of glucose-6-P is un- 
related to its function as a substrate. This can be the explana- 
tion only if it is assumed that little or no protection is provided 
by fructose-6-P, even in the presence of glutamine. Thus the 
lower activities with fructose-6-P would be explained by the 
rapid inactivation of the aminotransferase in the short time be- 
fore sufficient glucose-6-P was formed by way of phosphohexo- 
isomerase. 

(b) There are two separate enzymes with glucose-6-P and fruc- 
tose-6-P, respectively, serving as substrates. It is very difficult 
to imagine that the hexosamine is formed from glutamine and 
either of the hexose phosphates by a one-step reaction and there 
very well may be a common intermediate. One possibility could 
be glucosone 6-phosphate, which would be much more reactive 
with the amide-N because of its dicarbonyl structure. Other 
known enzymatic aminations involving glutamine require ATP 
in addition (6, 7), and in these cases an intermediate formed by 
an electrophilic attack on the oxygen by phosphorus has been 
postulated before a nucleophilic attack of the glutamine amide- 
N on the carbon. Possibly the formation of a similar type of 
intermediate occurs with an electrophilic agent bound to the 
aminotransferase, and either hexose 6-phosphate can be con- 
verted to this compound. 


Materials and Methods 


Substrates and assay methods were as previously described (1). 
Except where stated otherwise, results in tables and figures refer 
to the amounts of hexosamine formed per ml of reaction mixture 
per incubation period. Fructose 6-phosphate, purified and freed 
of glucose-6-P as previously described, was standardized in solu- 
tion by determining inorganic and total phosphorus. Barium 
galactose 6-phosphate was obtained from Nutritional Biochemi- 
cals Corporation and converted to the sodium salt before use. 
The glutathione (reduced) was chromatographically pure. All 
solutions used in enzyme assays were prepared in glass-distilled 
water. Assays of the purified aminotransferase (Fraction A) 
were carried out with GSH present at a final concentration of 10 
mM. Protein was determined by ultraviolet absorption measure- 
ment (3); this gave results in good agreement (+5%) with the 
modified biuret method of Mokrasch and McGilvery (8) with the 
use of crystalline bovine serum albumin as standard. 


SUMMARY 


1. A 25-fold purification of the rat liver enzyme system which 
forms p-glucosamine 6-phosphate from p-hexose 6-phosphate and 
L-glutamine has been obtained by a combination of ethanol and 
ammonium sulfate fractionation in the presence of p-glucose 6- 
phosphate. 

2. Properties of the aminotransferase, the mechanism of the 
reaction, and the nature of the glucose 6-phosphate-protected 
inactivation of the enzyme are discussed. 
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Studies involving the incorporation of C™ acetate into malate 
(1) have implicated the glyoxylate cycle (Equations 1 to 4) (2) 
in the process 

acetyl coenzyme A + oxalacetate — citrate + coenzyme A (1) 

citrate — cis-aconitate — isocitrate (2) 
isocitrate — glyoxylate + succinate (3) 


glyoxylate + acetyl coenzyme A — malate + coenzyme A (4) 


of conversion of fat to carbohydrate in germinating castor beans. 
Of the four requisite enzymes, isocitritase (Equation 3) has been 
demonstrated by direct assay (1), while the presence of condens- 
ing enzyme (Equation 1), aconitase (Equation 2), and malate 
synthetase activity (Equation 4) has been inferred from isotope 
incorporation data. The rates of condensing enzyme and malate 
synthetase, as estimated from the isotope data, were consider- 
ably lower than the rate of fat conversion by the intact seed. 
More recently, a study with germinating peanut and sunflower 
seeds (3) yielded results similar to those obtained earlier with 
castor beans. Ina previous communication from this laboratory 
(4), direct evidence was presented for the malate synthetase re- 
action in germinating peanuts, and a distribution study indicated 
that this reaction was associated primarily with high fat seeds. 
The present report is concerned with the rates of reaction of the 
various enzymes, their cellular localization, and the relationship 
to the germination process. Data on TPN-isocitric dehydrogen- 
ase are also presented because of its relevance to competition for 
isocitrate by the glyoxylate and tricarboxylic acid cycles. 


EXPERIMENTAL 


Materials and Methods 


Peanuts (Virginia Bunch 67) were germinated on wet paper 
towels at 25° in enclosed boxes with indirect light. Castor beans 
(Cimarron) were germinated similarly in a thin layer of water 
with the seeds about one-third immersed. For most of the 
experiments, 5- or 6-day germinated seeds were used. The testae 
and radicles were removed, and the cotyledons were rinsed with 
distilled water. 

In the preparation of whole homogenate, 20 or more seeds 
were blended for 1 minute at top speed in a Waring Blendor with 
1.5 volumes of 0.1 m Tris buffer, pH 8.0. The resulting sus- 
pension was filtered through cheesecloth and used as whole 
homogenate. Supernatant was obtained by centrifuging the 
whole homogenate for 20 minutes at 16,500 X g. The opalescent 
solution below an upper layer of fatty material was withdrawn 
with a pipette and used as supernatant. Two milliliters of ho- 


mogenate or supernatant are equivalent to 1 castor bean and 
2.6 ml to 1 peanut. 

Castor bean mitochondria were prepared by a procedure simi- 
lar to that of Beevers and Walker (5). The castor beans were 
ground in a mortar with sand in 1.5 volumes of 0.1 m phosphate 
pH 7.6 to 0.5 m sucrose until a homogeneous suspension was ob- 
tained. The suspension was filtered through cheesecloth and the 
filtrate was centrifuged for 4 minutes at 600 Xx g to remove 
cell debris. The homogenate was then centrifuged for 20 min- 
utes at 16,500 x g, and the supernatant and fatty layer were 
discarded. The pellet was suspended in a volume of phosphate- 
sucrose equal to the starting volume and recentrifuged for 20 
minutes at 16,500 x g. The pellet was then homogenized in 
0.01 m Tris at pH 8.0 (one-fifth of the original volume); 0.3 ml 
represents mitochondria from 1 castor bean. 

Acetyl phosphate was prepared according to Avison (6). 
Transacetylase was partially purified from an extract of lyophil- 
ized Clostridium kluyvert (Worthington Biochemicals) by treat- 


‘ment with protamine sulfate and Dowex 1 (7) and was assayed 


according to Stadtman (8). Citrate was determined by a modi- 
fication (9) of the method of Saffran and Denstedt (10) and 
glyoxylate was estimated by the method of Friedemann and 
Haugen (11,12). Protein was determined by the biuret reaction 
(13). Isocitrate was determined with TPN and isocitric dehy- 
drogenase (14). L-Isocitric acid was a gift of Dr. H. B. Vickery. 

TPN isocitric dehydrogenase activity was determined by fol- 
lowing the rate of TPN reduction (15) at 340 my for 3 minutes 
at 1-minute intervals in a system containing 100 umoles of Tris 
buffer at pH 7.5, 10 umoles of MgClz, 6 umoles of p,L-isocitrate, 
0.2 umole of TPN and enzyme in a volume of 3.0 ml. Under 
these conditions, the increase in absorbancy at 340 my was linear 
for 3 minutes and was proportional to enzyme concentration. 
When DPN was substituted for TPN an increase in absorbancy 
at 340 my was noted in the presence of castor bean mitochondria. 
However, the level of activity was much lower with DPN than 
with TPN. Accordingly, only the TPN activity was assayed 
routinely. 


RESULTS 


Glyoxylate Cycle Enzymes 


Condensing Enzyme—Direct evidence for the presence of con- 
densing enzyme was obtained by incubating an acetyl CoA gen- 
erating system (acetyl phosphate, CoA, glutathione, and trans- 
acetylase) with oxaloacetate and homogenates of germinated 
castor beans or peanuts. Such a system resulted in the forma- 
tion of citrate with equivalent disappearance of acetyl phos- 
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TaBLeE I 
Condensing enzyme in 5-day castor bean 


at 30°, the tubes were heated for 4 minutes at 85° and then cooled 
rapidly in ice; 0.2 ml of 30% trichloroacetic acid was added and 


the protein was removed by centrifugation. A 0.5-ml aliquot of 


the clear supernatant was analyzed for citrate. Except for prep- 
arations from dry seed, there was no color due to the enzyme 
preparation so that one control without transacetylase was suf- 
ficient. With preparations from dry seeds, it is necessary to have 
a control without transacetylase at every enzyme concentration. 
The standard curve was obtained from internal standards of 
citrate added just before the heating step. 


Experiment No. Addition Citrate formed 
umoles 
1 5-day castor bean mitochondria 
0.0125 ml 0.80 
0.025 ml 1.59 
0.05 ml 3.13 
2 5-day castor bean supernatant 
0.05 ml 0.33 
0.10 ml 0.63 
0.20 ml 1.06 
ACONITASE OF 5 DAY PEANUT 
.500 
-400 
02 ML. ENZ. 
(CITRATE) 


INCREASE IN OPTICAL DENSITY AT 240 mp 


1 2 3 4 5 6 7 8 
TIME-MINUTES 


Fic. 1. The complete system contained 100 umoles of Tris buffer 
pH 7.5, either 40 umoles p,L-isocitrate or 100 zmoles of citrate in 
a final volume of 3.0 ml. At zero time, peanut supernatant was 
added and the increase in absorbancy at 240 my was followed. 


phate.1 Omission of any of the components of the transacetyl- 
ase reaction, oxaloacetate, or enzyme resulted in complete loss 
of reaction. A typical protocol is shown in the legend to Table 
I. With whole homogenate or mitochondria, the quantity of 
citrate formed was proportional to enzyme concentration up to 
3.5 umoles (Experiment 1). With supernatant, it was necessary 
to assay at a level of citrate formation less than 0.7 ymole (Ex- 


1The acetyl phosphate disappearance must be corrected for 
acetyl phosphate hydrolyzed by a phosphatase in the extract. 
This is done with a control in which transacetylase is omitted. 
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The complete system contained 150 umoles of Tris buffer at 
pH 8.0, 50 uzmoles of KCl, 0.08 umole of CoA, 20 zmoles of oxalo- 
acetate neutralized to pH 7 with KHCO, (10 uwmoles added at 
zero time and 10 wmoles after 7 minutes), 7.5 wmoles of acetyl 
phosphate, 2.5 wmoles of glutathione, 5 to 10 units of trans- 
acetylase in a volume of 1.0ml. After incubation for 20 minutes 


TaBLeE II 
Tsocitritase assay by succinate-dependent 

glyoxylate disappearance 
The complete system contained 100 wmoles of Tris buffer at 
pH 7.5, 5 uymoles of MgCl:, 40 umoles of potassium succinate, 3.0 
umoles of potassium glyoxylate, and enzyme in a volume of 1.0 
ml. In Experiment 2, 30 umoles of succinate, 30 umoles of malo- 
nate, or 40 umoles of fumarate were added asshown. Afterincuba- 
tion for 15 minutes at 30°, 0.2 ml of 30% trichloroacetic acid and 
0.4 ml of H.O were added and the protein was removed by cen- 
trifugation; 0.2 ml were then analyzed for glyoxylate. In Experi- 
ment 1, the control vessels had no succinate, whereas in Experi- 

ment 2, enzyme was omitted in the control. 


Experiment No. Additions 
pmoles 
1 6-day peanut whole homogenate: 
0.025 ml 0.30 
0.05 ml 0.62 
0.075 ml 0.86 
2 5-day castor bean mitochondria: 
0.033 ml + succinate 1.02 
0.033 ml + malonate 0.04 
0.033 ml + fumarate 0.13 
0.033 ml + succinate + malonate 0.92 


periment 2) because of deviation from linearity at greater enzyme 
concentration. This is undoubtedly due to the removal of citrate 
by aconitase and isocitritase, both of which are present at a level 
much higher than condensing enzyme in supernatant. Mg++ 
was omitted from the reaction mixture as it was found to be in- 
hibitory. Similar inhibition has been reported (16) for condens- 
ing enzyme from yeast. 

Aconitase—Direct evidence for aconitase was obtained by the 
method of Racker (17). In the absence of substrate, there was 
no increase in absorbance upon addition of enzyme. As shown 
in Fig. 1, the rate of reaction is linear for at least 8 minutes and 
is proportional to enzyme concentration. The rate is essentially 
similar whether the substrate is citrate or isocitrate. Addition 
of cysteine increases the rate about 15%. Since, as will be shown 
subsequently, almost all the aconitase was found in the super- 
natant, most assays were done with this fraction. However, 
some assays were performed on particulate fractions with tri- 
chloroacetic acid added to the blank to compensate for the ab- 
sorbance of the enzyme in the experimental cuvettes. 

Isocitritase—Direct evidence for this reaction has been previ- 
ously described by Beevers and Kornberg (1). The procedure 
involved demonstration of glyoxylate formation (2,4-dinitro- 
phenylhydrazone) upon incubation of isocitrate and enzyme. 
Presence of isocitric dehydrogenase complicates this assay, par- 
ticularly in crude systems where reoxidation of TPNH is possible. 
Furthermore, we have found that commercial p,L-isocitrate 
(Nutritional Biochemical Company) gives very low and erratic 
results.2, In the present study, an assay was developed based 
on the previously observed (12, 18) reversibility of the yeast and 
bacterial enzymes. This system, involving a succinate and en- 
zyme dependent disappearance of glyoxylate, is described in the 


2 With a sample of pure L-isocitrate, consistent and linear re- 
sults could be obtained indicating that the commercial material 
probably contains the allo-form which has been shown to be in- 
hibitory to yeast isocitritase (18). 
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legend of Table II. Linearity with enzyme concentration (Ex- 
periment 1) was obtained up to 0.9 umole of glyoxylate removed. 
With the crude preparations used, glutathione showed no effect 
on the reaction and was therefore omitted. That the reaction 
indeed involves succinate and not a metabolite is shown in Table 
II, Experiment 2, where it can be seen that succinate cannot be 
replaced by fumarate and that malonate, in a concentration suffi- 
cient to inhibit succinate metabolism via the Krebs cycle, does 
not affect the reaction. Evidence for the requirements of the 
reaction and for the formation of isocitrate is shown in Table III. 
In order to obtain stoichiometric results, it was necessary to use 
a preparation depleted of aconitase. For this purpose, 5-day 
castor bean mitochondria (originally low in aconitase) were 
frozen for 1 week. Under these conditions, there was no loss of 
isocitritase whereas aconitase was completely removed. The 
complete system results in the disappearance of 1.23 uwmoles of 
glyoxylate and the formation of 1.35 umoles of isocitrate. Since 
the formation of isocitrate was measured with the L-specific TPN 
dehydrogenase, it is clear that the castor bean enzyme, like those 
previously described (12, 18) is specific for L-isocitrate. 

Malate Synthetase—Evidence for the reaction has been de- 
scribed elsewhere (4). The assay procedure involved determina- 
tion of glyoxylate disappearance. The reaction mixture con- 
tained 150 umoles of Tris buffer at pH 7.5, 50 umoles KCl, 0.08 
pmoles of CoA, 5 umoles of MgCle, 6.4 umoles of glyoxylate, 7.5 
umoles of acetyl phosphate, 2.5 umoles of glutathione, 5 to 10 
units of transacetylase, and enzyme in a final volume of 1.2 ml. 
After a 20-minute incubation at 30°, trichloroacetic acid was 
added to a final concentration of 5% and the residual glyoxylate 
was determined. A control tube in which transacetylase was 
omitted served to correct for nonenzymatic glyoxylate disappear- 
ance. The assay was linear with enzyme concentration up to 
1.6 wmoles of glyoxylate removed. In a typical experiment, 
0.0125, 0.025, and 0.05 ml of 5-day peanut supernatant catalyzed 
the removal of 0.38, 0.80, and 1.50 umoles of glyoxylate, respec- 
tively. 

Cellular Localization and Rates of Reaction—Preliminary ex- 
periments with supernatant of germinated castor beans prepared 
according to Beevers and Kornberg (1) showed very sluggish 
malate synthetase and condensing enzyme activities. Subse- 
quently, whole homogenates were found to contain much more 
activity. A detailed study of the extractability of the various 
enzymes into the supernatant was carried out and representative 
data for peanut and castor bean are shown in Table IV, Experi- 
ments 1 and 2. The blending procedure extracts 90% of the 
aconitase, TPN-isocitric dehydrogenase,’ and isocitritase from 
both the castor bean and the peanut. Condensing enzyme is 
poorly extracted from both materials, while malate synthetase is 
easily extracted only from the peanut. Soybean homogenates 
in 0.1 Mm Tris, pH 8, (experiments not shown) had essentially the 
same distribution as castor bean. These results suggested that 
at least some of the glyoxylate cycle enzymes were particulate. 
To test this point, washed mitochondria were assayed. As shown 
in Table IV, Experiment 3, preparations in sucrose-phosphate 
result in decreased activity in the supernatant (compare with 
Experiment 2) while considerable activity of each of the gly- 


’ The evidence for the extractability of TPN isocitric dehydro- 
genase is based on the extremely low activity in mitochondria as 
compared with supernatant. Because of the relatively low ac- 
tivity of the enzyme, it was impossible to assay the whole homo- 
genate spectrophotometrically. 
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TaBLeE III 
Balance study and requirements of isocttritase reaction 

The complete system was identical with that of Table II, 
Experiment 1, except that 0.05 ml of 5-day castor bean mito- 
chondria (kept 1 week at —15°) was added. After deproteiniza- 
tion and removal of an aliquot for glyoxylate analyses, the re- 
mainder of the solution was neutralized with solid KHCO; to pH 
7.0 to 7.5. A0.1-ml aliquot was then analyzed for isocitrate. 


Incubation conditions Glyoxylate removed | t-Isocitrate formed 
pmoles pmoles 
No succinate................. 0.0 0.02 
No glyoxalate................ 0.01 
TABLE IV 


Distribution of enzymatic activity 
The values shown in parentheses for isocitritase were obtained 
by the assay involving formation of glyoxylate from L-isocitrate 
(10). All the data except that on mitochondria are based on 1.5 
ml of solution per original gram of seed. Thus, the data for 
supernatant in Experiments 2 and 3 may be directly compared. 


TPN- 
Ex- 
Mala 
No. thetase ‘enzyme hydro- 
genase 
1 | 5-Day peanuts 
Whole homogenate 156 48.8 75.4 | 30.2 
Supernatant 134 45.2 60.3 | 3.6 |24.5 
2 | 5-Day castor bean 
Whole homogenate 55.4(42.5)| 60.0 | 75.6 
Supernatant 185 | 49.0(29.6)} 3.6 | 18.3 (26.1 
3 | 5-Day castor bean 
(sucrose-phos- 
phate) 
Mitochondria 38.1; 112 113/193 2.4 
Supernatant 30.9 2.4 | 8.0 |25.2 


oxylate cycle enzymes is retained in the mitochondria. In con- 
trast, very little TPN-isocitric dehydrogenase activity is asso- 
ciated with the mitochondria. 

The data of these experiments permit calculation of the rates 
of reaction per seed. Based on an equivalence of 2.0 ml per 
castor bean (see “Materials and Methods’’), the following rates 
in wymoles per hour per seed are obtained: aconitase 370; isocitri- 
tase 110; malate synthetase 170; condensing enzyme 150. Since 
the physiological rate of conversion of fat to carbohydrate is 
about 25 wmoles per seed per hour (1) the in vitro rates are clearly 
compatible with operation of such a pathway in vivo. Similar 
calculations based on the mitochondrial data (1 seed is equivalent 
to 0.3 ml) show that only the rate for mitochondrial aconitase 
would be below the physiological requirement. Since it has been 
shown (19) that mitochondrial aconitase from rat liver has a 
different pH optimum than soluble aconitase, it is possible that 
a more favorable assay with the castor bean preparation might 
yield rates greater than the in vivo requirement. In any event, 
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TABLE V 
Development of enzymatic activity in peanut cotyledons 
during germination 

The values in parentheses are corrected for differences in pro- 
tein content (see text). The necessity for these corrections is 
seen in the weight per seed and the soluble protein concentration 
(Columns 2 and 4). Aconitase and TPN-isocitric dehydrogenase 
assays were done on supernatant whereas whole homogenates were 
used for the other assays. 


Days Rad- | Solu- Iso- |Malate| Con- |TPN-isocitric 
at | Weight! icle Aconitase | citri- isynthe- | densing dehydro- 
25° length ot tase | tase | enzyme genase 

mg/seed| mm / 
620 60.0'25.0(18.3) 9.3(6.8)/43.5(31.7) 
1 | 890 | 28.5'26.8(41.5)) (|5.1(7.9)|20.4 (31.7) 
2 | 945 2 | 43.0 79.5 7.9|' 10.2 | 15.0 24.8 
3 | 920 | 16 | 44.0) 159 20.4| 24.6 | 22.8 29.0 
4| 990 | 35 | 47.5) 208 30.0) 50.2 | 21.3 
5 | 990 | 55 156 42.3} 69.4 | 22.2 23.3 
6 | 990 | 65 43.6) 90.0 
7 | 990 | 85 36.0) 89.5 
8 | 880 | 85 | 41.0) 153 27.0) 94.4; 18.0 29.0 
10 | 930 72.1 23.8 78.0) 12.0 8.7 
TaBLeE VI 
Absence of an inhibitor in 2-day peanut homogenate 
Additions Isocitritase assay 

0.10 ml 2 day 0.17 0.34 

0.05 ml 5 day 0.56 1.18 

0.10 ml 2 day + 0.05 ml 5 day 0.73 1.44 


it is clear that the mitochondrial activity is sufficient to support 
the suggestion that the glyoxylate cycle is located within the 
mitochondria. 

Development of Enzyme Activity with Germination—In order to 
obtain further correlation between the physiological process and 
the enzymatic reactions, a study was made of enzyme develop- 
ment during germination (Table V). ‘The data from the first 
two samples were corrected by a factor based on soluble protein 
and the corrected figures are shown in parentheses. It may be 
seen that both aconitase and condensing enzyme, although pres- 
ent initially in the dry seed, increase immediately upon imbibition 
of water, leveling off about the third day. Aconitase activ- 
ity rises briefly on the 4th day, returning to a steady value there- 
after. Isocitritase and malate synthetase are absent in the dry 
seed and do not appear until radicle emergence, increasing rap- 
idly thereafter to the 6th day. Isocitritase activity begins to 
decline immediately while malate synthetase activity remains 
steady. In contrast with the glyoxylate cycle enzymes, TPN- 
isocitric dehydrogenase shows no changes with germination. By 
the 10th day, the plumule and stem had broken through the upper 
surface of the seed. This stage is apparently marked by a gen- 
eral decline of enzymatic activity. 

The possibility of an inhibitor in early samples was eliminated 
by combination experiments (Table VI). Thus, combination of 
2-day and 5-day homogenates show activity equal to the sum 
of individual activities in both isocitritase and malate synthetase 


assays. Similar results were obtained in condensing enzyme 
experiments with combinations from both peanut and castor 
bean. 


DISCUSSION 


The evidence and assays described for the glyoxylate cycle 
enzymes are generally straightforward. In comparison with 
previously reported assays for isocitritase (12, 18), the method 
herein described may be used to test analogs of both succinate 
and glyoxylate for reactivity or inhibition. Thus, analogs of 
succinate may be tested directly as has been done with malonate 
(Table II). Analogs of glyoxylate might be tested for reactivity 
by measuring disappearance of the keto compound and for inhibi- 
tion by following isocitrate formation with a preparation similar 
to that used in Table III. 

In a study of enzyme localization in rat liver homogenates, 
Schneider et al. (20), showed the accumulation of citrate within 
the mitochondria and suggested that the enzymes catalyzing 
citrate breakdown are not mitochondrial. Of the two possible 
limiting enzymes, rat liver aconitase has been shown to be pres- 
ent in significant quantity in washed mitochondria (19). In 
contrast, rat liver TPN isocitric dehydrogenase is localized pri- 
marily in the supernatant fraction (21) indicating that it may 
be the limiting enzyme in mitochondrial oxidation. The data 
shown in Table IV suggest that a similar situation obtains with 
castor bean mitochondria. Thus, the washed mitochondria 
show considerable aconitase activity and very little TPN iso- 
citric dehydrogenase. 

In the case of castor bean mitochondria, the low mitochondrial 
TPN isocitric dehydrogenase activity may be of added signifi- 
cance. Beevers (22) has shown that C™ acetate is very effi- 
ciently converted to sucrose with intact castor bean cotyledons. 
In addition, feeding of C' pyruvate to castor bean cotyledons! 
and C" acetate to sunflower cotyledons (3), results in essentially 
unlabeled glutamate. These results indicate that the major 
metabolic pathway in these tissues involves an almost complete 
by-pass of a-ketoglutarate. Since the total activity of TPN- 
isocitric dehydrogenase is of the same order of magnitude as 
isocitritase (Table IV, Experiments 1 and 2), considerable a-keto- 
glutarate production might be expected. If one compares, how- 
ever, the mitochondrial levels of these 2 enzymes (Table IV, Ex- 
periment 3), it may be seen that the quantity of mitochondrial 
isocitritase is 50 times that of TPN isocitric dehydrogenase. 
Assuming that the metabolism of isocitrate occurs predominantly 
in the mitochondria, a-ketoglutarate would be essentially by- 
passed, thus offering a possible explanation for the in vivo results. 
The demonstration that the entire glyoxylate cycle is mitochon- 
drial (Table IV, Experiment 3), coupled with the demonstration 
of fat oxidation by peanut mitochondria (23), suggests an efficient 
flow of reactants from fat to malate completely within the mito- 
chondria. 

The general enzymatic development with germination (Table 
V) is consistent with the work of Akazawa and Beevers (24) who 
demonstrated increased respiration with germination. Both 
malate synthetase and isocitritase show a marked lag in appear- 
ance suggesting an inductive control by material either synthe- 
sized or liberated during the early phases of the germination 
process. Gradual removal of an inhibitor has been eliminated 
by the experiments of Table VI. That the control is linked in 
some manner to the utilization of fat is suggested by the lag 


‘H. Beevers, personal communication. 
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period of fat decrease observed in vivo (25). Thus, the period 
of rapid fat breakdown appears to coincide with the appearance 
of malate synthetase and isocitritase. Of further interest is the 
contrast between the glyoxylate cycle enzymes and TPN iso- 
citric dehydrogenase in that the content of the latter enzyme 
shows essentially no change during germination. It would ap- 
pear that this lack of increase of TPN isocitric dehydrogenase 
during germination may be another manifestation of its meta- 
bolic inactivity as previously discussed. 


SUMMARY 


Suitable assays are described for measuring the glyoxylate 
cycle enzymes in germinating peanuts and castor beans. Of the 
enzymes, aconitase and isocitritase are easily extracted while 
malate synthetase and condensing enzyme adhere strongly to 
the particulate. Washed mitochondria retain a considerable 
quantity of all the glyoxylate cycle enzymes. The rates in all 
cases are well in excess of the physiological rate of conversion of 
fat to carbohydrate. <A study of enzyme development showed a 
general increase in activity with germination. Malate synthe- 
tase and isocitritase show a lag of 24 to 48 hours. Data are also 
presented on triphosphopyridine nucleotide isocitric dehydrogen- 
ase, and an explanation is offered for the apparent by-pass of 
a-ketoglutarate. 
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Lipid Metabolism in the Diabetic Rat 


Ii]. ACETATE METABOLISM AND ACETOACETATE SYNTHESIS JN VITRO* 
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Department of Biochemistry, University of Oregon Medical School, Portland, Oregon 


(Received for publication, May 20, 1959) 


Hepatic lipogenesis has been shown to be dependent upon the 
kind of diet, upon the relation of feeding and fasting periods 
(1-5), the levels of tissue glycogen (6), and upon active glycolysis 
(7, 8). Specific enzymatic steps mediated by known cofactors 
have also been implicated. Shaw et al. (9) showed that some 
reaction before butyryl-CoA formation could be a limiting step 
in fatty acid synthesis, and Langdon (10, 11) showed that the 
reduction of crotonyl-CoA to butyryl-CoA is dependent upon 
TPNH. 

The observation that hepatic lipogenesis is greatly depressed, 
both in fasting and in experimental diabetes (9, 12, 13), suggests 
that a common metabolic defect exists in these conditions. It 
has been proposed (8) that because of decreased glucose oxidation 
via the hexose monophosphate pathway there is a deficiency in 
the amount of TPNH available for lipid synthesis in the fasted 
and diabetic livers. 

In previous studies of lipid synthesis in vivo (14, 15), it was 
not possible for us to study fatty acid synthesis at the level 
of four carbon intermediates. Liver slice preparations conse- 
quently were used in an attempt to localize more specifically the 
biochemical lesions of fasting and diabetes. The present studies 
reveal that in addition to the suggested controlling steps pre- 
sented above, there exists a limiting step before the participation 
of crotonyl-CoA. Decreased acetoacetate synthesis by liver 
slices of fed alloxan diabetic rats and a decreased production 
of CO: is suggested to be related to a decreased availability of 
acetyl-CoA in these diabetic preparations. In addition, the de- 
crease in $-hydroxybutyrate formation which was observed is 
suggested to be related to decreased availability of DPNH. 


METHODS 


Young adult male Sprague-Dawley rats (Northwest Rodent 
Company, Pullman, Washington), weighing 210 + 10 g were 
used after they were trained to feeding (15) for 5 days. The 
diabetic animals were prepared, after a 48-hour fast, by intra- 
muscular injection of 0.06 mg per g of body weight of purified al- 
loxan as a 10% solution in normal saline. At the same time, 5 
ml of saline were injected intraperitoneally and saline was given 
in place of drinking water during the next 48 hours. The dia- 
betic animals were not trained to feeding but were given Purina 
chow ad libitum until just before use. At that time, the animals 
were fasted for 12 hours and fed for 1 hour to insure a post- 


* This work was supported in part by U.S. Atomic Energy Com- 
mission research contract No. AT(45-1)-225 and in part by re- 
search Grant No. A-2305 from the National Institute of Arthritis 
and Metabolic Diseases, National Institutes of Health, United 
States Public Health Service. 


prandial state. Controls and diabetics were used 1 hour after 
the hour feeding period. The diabetic animals were used be- 
tween 3 and 7 weeks following alloxan injection if fasting blood 
sugars were greater than 200 mg per 100 ml of blood. 

Rats were killed by decapitation and the liver immersed in 
buffer at 4° before slicing. One-gram samples of liver slices 
were used in 125-ml Warburg flasks as before (16). Acetate- 
1-C** (0.57 umoles) prepared in this laboratory (17) and contain- 
ing 19.4 ue of activity, were added from a sidearm. Incubations 
were continued for 1 hour and CO, was collected in KOH in a 
center well. At the end of the hour the incubation mixture was 
acidified with H:SO, and the CO: so released was also absorbed 
in the center well. When acetoacetic acid was to be determined 
or isolated, duplicate flasks were incubated and the flask con- 
tents were not acidified but deproteinized (18). Washing of the 
slices, digestion, and lipid separations were as before described 
(17), with the exception that NaSQO, drying of the petroleum 
ether extracts was eliminated. Ketone bodies were determined 
by the method of Bessman and Anderson (19). The acetoacetic 
acid values include acetone and acetoacetic acid, and the 6-hy- 
droxybutyric acid values are given by the difference between the 
values for total ketone bodies and acetoacetic acid. 

Radioassay—<Acetate-1-C'4 was assayed as BaCOs; under a 
Geiger-Mueller D47 Micromil counter (Nuclear-Chicago) after 
persulfate combustion, and also as Mylar-covered liquid samples 
using a technique developed in this laboratory (20). COz ac- 
tivity was determined as infinitely thick BaCOs; plates (17). 
Fatty acids and nonsaponifiable material were assayed as in- 
finitely thin samples. The radioassay values obtained from 
liquid counting and from the infinitely thin samples were con- 
verted to equivalent counting rates of infinitely thick BaCOs 
samples by factors determined here. 

Ketone bodies were assayed after being isolated by ascending 
paper chromatography, utilizing a butanol-acetic acid-water sys- 
tem (4:1:5), and Whatman No. 3 filter paper. After chroma- 
tography, the strips were cut into l-cm sections, attached to 
aluminum planchets with rubber cement and thesamples counted 
under the D47 counter. The values obtained were computed as 
infinitely thick samples and the c.p.m. were plotted with respect 
to Rr value. Ethyl acetoacetate-1,3-C™ prepared in this labo- 
ratory! was hydrolyzed and chromatographed, the Ry of the 
acetoacetic acid in our system being 0.74. The Ry of {-hy- 
droxybutyric acid was found to be 0.80 as determined by color 
development with ferric chloride. 


1 The authors acknowledge the assistance of William Kemnitz 
and Dr. W. L. Fowlks in the preparation of the ethyl acetoacetate- 
1,3-C'*, 
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Fig. 1. Radioactivity assay of a complete chromatogram ob- 
tained from a typical metabolic experiment. 


As determined on standard samples, loss of radioactivity due 
to decarboxylation of acetoacetic acid during chromatography 
and radioassay did not exceed 8%. No correction has been 
made for this loss. Fig. 1 is the result of a typical radiochroma- 
tographic analysis of a deproteinized medium remaining after one 
of the liver slice experiments. The total radioactivity recorded 
between Ry 0.57 and Rp 0.82 is considered due to acetoacetic 
and B-hydroxybutyric acid. The per cent incorporation of the 
labeled acetate into the C, fraction of the substrate was calculated 
as: 

Radioactivity of specified Rr range X 
total volume of medium 

Total radioactivity of the dose < 


volume of aliquot 
The amount of ketone bodies contained in the liver tissue was 
small in relation to the amount put into the medium by the slice. 
For this reason, only analyses of the media are reported below. 


xX 100 


% Incorporated = 


RESULTS 


In Table I, O2 uptake, CO2 production, respiratory quotient, 
and conversion of acetate-1-C to CO, are given. Evaluation 
of the significance of the difference between mean values was 
made using the ¢ test at a confidence level of 0.95. The p values 
are reported in each of the tables, and those equal to or less than 
0.05 are considered to indicate significant differences. Normal 
and diabetic groups consisted of 10 animals each, with a mini- 
mum of duplicate flasks being run on each animal, thus providing 
a total of 20 samples to be determined for the mean values for 
each group. 

It is seen that both the amounts of O, utilized and the amounts 
of COz produced by the diabetic animals are lower than those 
for the controls. The RQ values, however, do not differ. The 
percentages of the tracer dose oxidized to C'“Oz by the diabetic 
and control slices were 13.5 and 7.9, respectively, the 70% in- 
crease of the diabetic over the control preparations is significant. 

Table II presents a comparison of the amounts of fatty acid 
and cholesterol per g of tissue and the acetate-1-C™ activity in- 
corporated into these two lipids. It is clear that the amounts of 
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TaB_LeE I 
Oxygen uptake and CO: production by normal and diabetic 


rat liver slices* 


. Acetate in- | Acetate in- 
CO: |R to 
Animals Oruptake | produced | quotient | | fate Gos 
umoles/hr/g \umoles/hr/g % 
Normal 62.1 56.7 0.91 45.0 7.9 
+ 0.8f + 1.7 + 0.07 + 2.9 + 0.5 
Alloxan-dia- | 53.4 49.1 0.92 77.0 13.5 
betic + 1.8 + 2.2 + 0.08 + 1.4 + 0.17 
p Valuest <0.01 | <0.01 | >0.10 | <0.01 | <0.01 


* One gram of slices in 27 ml of buffer containing 0.57 umoles of 
tracer acetate; time of incubation, 1 hour. 

t Mean + standard error. 

t p Values of 0.05 or less indicate a significant difference be- 
tween mean values at a 0.95 confidence level. 


TABLE II 


Amounts of lipid isolated and incorporation of 
acetate-1-C™4 into lipid of liver slices 


Fatty acids Cholesterol* 
Animal 
A 
Per g of tissue P of 
per g me: per g 
mg pmoles X 108 mg pmoles X 108 
Normal 23.9 + 1.0T/1.18 + 0.30/2.4 + 0.1)1.54 + 0.63 
Alloxan-dia- | 25.3 + 0.9 + 0.01/2.2 + 0.110.26 + 0.05 
 betic 
p Values >0.10 <0.001 >0.05 <0.001 — 


* Nonsaponifiable fraction. 
t Mean + standard error. 


fatty acid and cholesterol are the same for both preparations. 
The lipids of the diabetic rats, however, contained significantly 
less label. The fatty acid labeling is seen to be reduced 92% 
and the cholesterol labeling 83% for the diabetic as compared to 
the control slices. 

Table III gives data obtained from analysis of the:medium for 
ketone bodies. The radioactivity values represent the total ac- 
tivity present in the acetoacetate, 8-hydroxybutyrate fraction as 


shown in Fig. 1. 


The amounts of ketone bodies released to the medium by the 
diabetic are seen to be considerably lower than those for the 
normal livers. The decrease in total ketone bodies is caused by 
a decrease in the 8-hydroxybutyrate fraction, the acetoacetate 
fraction of both preparations being similar. The amount of 


acetate-1-C™ incorporated into the C, fraction (acetoacetate and 
B-hydroxybutyrate) is significantly depressed in the diabetic. 


DISCUSSION 
As was pointed out, the diabetic preparations produced a de- 


creased amount of CO, in the experimental period, but the CO2 
formed contained a significantly greater amount of the tracer 


carbon than did the control preparations. This observation that 
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TaBLeE IIT 
Amounts of acetoacetic and B-hydrorybutyric acid isolated from the 
substrate and the incorporation of acetate-1-C'* 
into these fractions 


Ketone bodies of medium 


Animal _Incorpora 

ketone | 0-08 butyric | Acetnscetic |" 

umoles/hr/g /8 
Normal 13.7 + 0.9* 7.0 + 0.6) 5.7 + 0.3) 29.2 + 1.5 
Alloxan-dia- 8.5 +1.1)| 3.6 + 0.9 5.0 + 0.3) 18.2 + 0.8 

betic 
p Values <0.01 <0.02 >0.05 <0.001 


* Mean + standard error. 


the diabetic produced less CO: than the control preparation is 
not in accord with the observation of Hotta and Chaikoff (21). 
These workers, on the basis of the amount of CO, recovered, 
concluded that the diabetic slice oxidizes acetate to a slightly 
greater degree than do normal slices. Foster and Villee (22) 
reported that diaphragm muscles of diabetic rats oxidize acetate 
at a reduced rate. Our data on the amount of CO: produced 
and on CO, activity indicate that the diabetic rat forms less 
CO: (from acetyl-CoA) but converts more of administered la- 
beled acetate to CO, than does the normal rat. A partial 
explanation for the above findings may reside in the suggestion 
that the supplies of acetate (the size of the acetyl-CoA pool?) 
in the diabetic are decreased, with a resultant slowing of the 
acetate flux through the oxidative cycle but with a concurrent 
decreased dilution of the acetate tracer dose. It would appear 
that the diabetic slice has adequate capacity to utilize exogenous 
tracer acetate. These findings on the CO, fraction from liver 
slices are in partial accord with our findings in the intact alloxan- 
diabetic rat (23), for here, although the intact rat did not produce 
less CO; , it did form more CQ, than did the normals. 

The findings on the lipid fractions agree with earlier observa- 
tions (12) in that the diabetic shows a grossly decreased incor- 
poration of acetate carbon into fatty acids but has a normal 
amount of fatty acid present. It is likely that the increased 
mobilization of depot lipid that occurs in diabetes can account 
for the maintenance of hepatic lipid levels in spite of the decreased 
lipogenesis. The large decrease in fatty acid labeling is similar 
to that reported by ourselves (23) and by others (13, 24) and 
may be due to the several factors described earlier in this paper. 
The present studies are not concerned with the possible reversal 
or correction of the defect in lipogenesis. 

The data presented for the nonsaponifiable (cholesterol) frac- 
tions reveals that the amounts of sterols were maintained but 
that cholesterologenesis was depressed in the diabetic, the lipo- 
genic and cholesterologenic reactions being depressed to about 
the same degree. This depression in hepatic cholesterologenesis 
is greater than previously reported by us for the intact rat (12) 
but is in agreement with our later studies (23). These later 
studies were carried out on acute diabetic preparations and in- 
volve the use of a larger number of animals and the statistical 
treatment of data. It is not yet clear how the liver sterol levels 
have been maintained in the face of depressed cholesterologenesis. 
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It is probable that the animals used in the present study had the 
same degree of hypercholesterolemia as the animals used in the 
study in vivo (23), and that the levels of liver cholesterol may be 
related to the “turnover” of the sterol as well as to sterol syn. 
thesis (25). 

It is not likely that the depressed labeling of the fatty acid and 
cholesterol fractions is due to an increased dilution of the acetate. 
1-C by endogenous acety] for, as shown above, the CO: informa. 
tion suggests a decreased rather than an increased Cz pool size 
in the diabetic. 

The decrease seen in total ketone bodies in the medium of the 
diabetic preparation seems to be at variance with the general 
concept of the hyperproduction of ketones by the diabetic liver, 
It has been shown (26), however, that liver slices of the fasting 
diabetic rat do not cause an increased accumulation of ketone 
bodies over that of normal animals, and it is well known that 
the addition of carbohydrate to the diet will suppress ketonurig 
and divert acetoacetate carbon to oxidative pathways (27, 28), 
The rats of the present series were fed before use. The recent 
findings (29, 30) with totally pancreatectomized rats on the close 
correlation between ketone body formation and the amount of 
liver lipid appear to be related to this problem. The require- 
ment of severe insulin deficiency, elevated liver lipid, and cortical 
stimulation for maximum ketogenesis, appear not to be met by 
our preparations. The suggestion (31) that nonacidotic animals 
are only partially diabetic may be pertinent. Although certain 
of these facts tend to make the alloxanized rat, that can be main- 
tained without insulin, less desirable as an experimental animal, 
it is to be noted that we have shown alloxanized animals to be 
equivalent to the conventionally pancreatectomized animal in 
several parameters of comparison (23, 25) and that both of these 
preparations show metabolic lesions not seen in control animals. 

It is of interest that the diabetic liver slice preparation did 
produce as much acetoacetate as did the normal, in the face of 
the postulated decrease in acetyl-CoA pool size. This would 

seemingly represent an increase in ketogenesis although the net 
result of this increase was not a profound increase in total ke- 
tones. The greatest difference between the two preparations 
resided in the decreased ability of the diabetic to produce free 
B-hydroxybutyric acid. The decrease in C!*-label incorporation 
into the total ketone bodies is similar in magnitude to the decrease 
seen in B-hydroxybutyrate formation. 

Some of these findings may be explained on the basis of de- 
creased synthesis of acetoacetate because of decreased supplies of 
acetyl-CoA as pointed out above. An additional cause of de- 
pressed B-hydroxybutyrate formation may be the presence of a 
break in the reductive conversion of acetoacetate to B-hydroxy- 
butyrate by DPN linked dehydrogenase enzymes as: 


Acetoacetate + DPNH = 8-hydroxyburyate + DPN 


That such a break may be due to decreased supplies of DPNH 
seems possible for in addition to the depressed glycolysis of the 
diabetic we have shown a decreased production of CO2 which 
would also limit supplies of DPNH. In other studies? we have 
shown that when the C™ acetate dosage to the liver slice is in- 
creased there is an increase in acetoacetate production (both in 
mass and in radioactivity), but there is not a corresponding in- 
crease in $-hydroxybutyrate production. Maintenance of a 


2 Unpublished observations. 
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—Acetyl-CoA= 

1 al 5 
Carbon dioxide — => C; and C, intermediates 

Acetoacetyl-CoA le 

3] Cholesterol 


butyryl-CoA 


Crotonyl-CoA 


Fatty acids 
Fig. 2. General reaction sequences 


C=O to C—OH ratio would appear to be controlled by factors 
other than acetoacetate concentration. 

Fig. 2 outlines a number of the reactions associated with the 
metabolism of acetate. When the sequence and the interde- 
pendence of these reactions are considered, it appears unwise to 
attribute to a single step in the scheme the complete control of 
the system. 

Although the TPNH requirement of Reaction 4 has been well 
documented (8, 10, 11), the presence of crotonyl-CoA is directly 
connected to the supply of B-OH butyryl-CoA which in turn is 
coupled through DPNH (Reaction 3) and the dehydrogenase 
enzymes associated with the interconversions of the B-keto/- 
hydroxy forms (29). The supplies of keto form are again de- 
pendent upon supplies of acetyl-CoA and to the diversion of this 
metabolite to either oxidative or synthetic pathways. Although 
the phosphogluconate pathway does indeed produce TPNH (10, 
11, 32, 33) required at 4, 5, 6, glycolysis and oxidative reactions 
of carbohydrate metabolism produce DPNH required at 3. In 
fact, stimulation of the citric acid cycle, 1, with the addition of 
isocitrate, as is customarily done, produces both DPNH and 
TPNH. These remarks are intended to direct attention to the 
need for consideration of the necessarily involved requirements 
of a complete physiological system, requirements not always 
present in refined systems concerned chiefly with the enzymatic 
characteristics of a particular reaction. In our diabetic slice 
preparation, the decreased 6-hydroxybutyrate found may have 
been due to a decrease in DPNH availability with consequent 
slowing of Reaction 3. In addition, the postulated decreased 
availability of acetyl-CoA may account for depression of Reac- 
tion 2, which is of course a key reaction before the need for the 
reductive intermediates DPNH and TPNH. The magnitude of 
depression of Reactions 2 and 3 may be approximated as follows. 
There was found an 80 to 90% decrease in lipid labeling but only 
some 40% decrease in acetoacetate /8-hydroxybutyrate labeling. 
It is possible then that depression of either Reaction 2 and/or 3 
may account for about half of the observed depression in fatty 
acid labeling. If acetyl-CoA concentration is limiting in Reac- 
tion 2, then a similar decrease would be predicted for reaction 
sequence 5 and 6, a prediction verified by the experimental find- 


ings. 
SUMMARY 


1. The amounts of CO: produced and of Oz utilized per hour 
per g of liver slice were found to be decreased in the diabetic rat 


J.C. Elwood and J. T. Van Bruggen 571 


preparation. The incorporation of acetate-1-C', however, was 
increased by some 70%. 

2. The amount of fatty acid per g of liver slice was the same 
for normal and diabetic rat preparations, but the incorporation 
of acetate-1-C™ into fatty acids was reduced 92% in the diabetic 
liver slice. 

3. The amount of nonsaponifiable (cholesterol) material per g 
of liver slice wad the same for normal and diabetic rat prepara- 
tions, but the incorporation of acetate-1-C™ was decreased 83% 
in the diabetic. 

4. The amount of acetoacetic acid found in the media per g 
of liver slice was the same for the normal and diabetic rat prepara- 
tions, but the amount of 8-hydroxybutyrate formed by the dia- 
betic was decreased. The incorporation of acetate-1-C"™ into the 
C, fraction was decreased 38% in the diabetic rat preparation. 

5. A decreased availability of acetate for CO2 and lipid forma- 
tion and a decreased “acetate pool’ size is indicated for these 
diabetic preparations. 

6. The decreased flux of acetate to lipids in the diabetic slice 
is shown to account for about half of the decrease observed in 
lipid synthesis. 
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We have previously demonstrated the presence of decreased 
lipogenesis and cholesterologenesis in diabetic rats (1-3). A por- 
tion of the defect in lipid synthesis was attributed to a decreased 
availability of acetate (3). That an additional defect is present 
at the level of DPNH and TPNH participation in tissue with 
abnormal carbohydrate utilization has been shown by a number 
of workers (4-6), our own data being not at variance with this 
concept (3). It was felt desirable to investigate the functional 
nature of lipid metabolic pathways beyond the initial point of 
coenzyme participation, that is, beyond the stage of acetoacetyl- 
CoA reduction. In the present study, acetate-1-C", acetoace- 
tate-3-C™, butyrate-1-C™, and mevalonate-2-C™ have been used 
in an attempt to elucidate further enzymatic blocks either in 
lipid synthesis or in oxidative systems of diabetic liver slices. 

These studies reveal that butyrate does not constitute a se- 
lective label for pathways of fatty acid synthesis, but that aceto- 
acetate does preferentially appear in lipid products. It is shown 
that both acetoacetate and butyrate fail to be incorporated into 
diabetic liver lipid in normal amounts, the defect being similar 
in magnitude to that with acetate. Mevalonate is shown to be 
a unique tracer of cholesterol synthesis in that it is selectively 
converted to sterols (7,8). There does not appear to be a further 
defect in diabetic cholesterologenesis beyond the stage of mevalo- 
nate participation. 


METHODS AND MATERIALS 


Male Sprague-Dawlcy rats were given Purina chow and 
trained to feeding as before (9). The animals weighed 200 to 
225 g at the time of sacrifice. The diabetic animals were fed ad 
libitum until just before use. At that time, a 12-hour fast, a 
l-hour eating period, and a subsequent fast were imposed to 
make the diabetic animals nutritionally comparable to the con- 
trols. The diabetic animals were prepared with alloxan as before 
(3) and had fasting blood sugars of at least 200 mg per 100 ml 
of blood. The mevalonate studies were done on animals fasted 
1 hour and the other studies on animals fasted 3 hours. In 
studies not being reported here, we found less variable lipid label- 
ing of 3-hour fasted animals as compared to 1-hour fasted ani- 
mals. 


* This work was supported in part by U.S. Atomic Energy Com- 
mission research contract No. AT (45-1)-225 and in part by research 
Grant No. A-2305 from the National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health, United States 
Public Health Service. A portion of this material is from a thesis 
submitted by Alicia Marcé in June, 1959, to the Department of 
Biochemistry of the University of Oregon Medical School in partial 
fulfillment of the requirements for the Degree of Master of Science. 


The animals were killed by decapitation, their livers immedi- 
ately removed and placed in cold buffer (10) and slices obtained 
using a Stadie-Riggs slicer. One-gram samples with 27 ml of 
buffer in 125 ml Warburg flasks, and 0.111-g samples with 3 ml 
of buffer in 15-ml Warburg flasks, were incubated at 37° for 1 
hour. Acetate and acetoacetate studies were done in the small 
flasks and acetate, butyrate, and mevalonate studies were done 
in the large flasks. When the macro- and microprocedures were 
compared, using tissues from the same animal, essentially identi- 
cal per cent incorporations were obtained. 

CO: was collected in a KOH center well by acidification of the 
substrate after incubation. The liver tissue was removed and 
digested in 11% alcoholic KOH for 2 hours. Lipids were sepa- 
rated as previously described (10). CO. was precipitated and 
plated as BaCO; after addition of carrier carbonate (11). The 
saponifiable fraction was determined gravimetrically by taking 
aliquots to dryness in a stream of nitrogen. The nonsaponifiable 
fraction was colorimetrically assayed by the Zlatkis procedure 
(12). Ketone bodies were determined by the method of Bessman 
and Anderson (13). 

Radioactive fractions were assayed with a D47 Nuclear Micro- 
mil gas flow counter. The CO, was assayed as infinitely thick 
BaCQ; and the fatty acid and cholesterol fractions were assayed 
as infinitely thin samples and then converted to the equivalent 
activity of infinitely thick BaCO; samples. 

The sodium butyrate-1-C'* (Nuclear-Chicago Corporation) had 
a specific activity of 4.7 mec per mmole. A 0.37-umole portion 
of the salt (1.8 uc) was added, as 1 ml of solution, per flask per 
g of tissue. 

DL-Mevalonic acid-2-C' was obtained as the dibenzethylene 
diamine salt (DBED) from Tracerlab, Inc., and had a specific 
activity of 2.26 mec per mmole. The salt was treated with dilute 
NaOH and the dibenzethylene diamine removed by ether ex- 
traction. The pt-form of the free acid containing 0.42 ue was 
added at 0.46 umole per g of tissue per flask. The purity of the 
mevalonic acid was checked by paper chromatography in a 
butanol-acetic acid-water system (4:1:5). <A single peak with 
an Rp of 0.75 was obtained and there was no indication of a 
radioactive impurity. A single peak was also obtained in a 
methyl ethyl ketone-propionic acid-water system (75:25:30), the 
Rp being 0.83. 

The acetate-1-C' was prepared here (14) and 0.57 umole con- 
taining 19.4 ue of activity was used per 27 ml of substrate. 
One-ninth of this amcunt was used in the small flasks. 

Ethyl acetoacetate-3-C™ (New England Nuclear Corporation) 
was dissolved in water and aliquots hydrolyzed (15) with NaOH. 
The acetoacetate solution was neutralized and diluted to contain 
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TaBLeE [ 
Ketone body production by normal and by diabetic liver slices* 


Animal 
Total ketone bodies $-OH butyrate Acetoacetate 
No. Kind | 
pmoles/hr/g pmoles/hr/g pmoles/hr/g 
8 Normal 14.7 + 0.737 9.2 + 0.60 | 5.5 + 0.08 
6 | Alloxan- 10.41 + 0.63 4.9 + 0.84 | 5.5 + 0.30 
diabetic 
p Valuest <0.05 <0.05 >0.10 


* One gram of slices in 27 ml of buffer containing 0.57 umole of 
tracer. 

+ Mean + standard error. 

t p Values of 0.05 orless indicate a significant difference between 
mean values at a 0.95 confidence level. 


0.41 uc (0.44 wmole) per ml. One ml of this solution was added 
from the side arm of the small flasks. The final 3 ml of buffer 
solution contained 1.5 mg of acetoacetate per 100 ml. 

In practically all of the experiments, the tissues of a single 
animal were used with all four labeled compounds, permitting an 
‘internal control”’ of the comparisons made of tracer utilizations. 

It was necessary to determine the stability and distribution of 
the label of the tracer mevalonate in our lipid fractionation pro- 
cedure before the use of mevalonic acid-2-C™ in the liver slice 
system. To this end, 0.85 umole of mevalonic acid-2-C™ was 
added to 1 g of liver tissue in alcoholic KOH, digested, and frac- 
tionated as above. It was found that 0.05% of the label was in 
the isolated saponifiable fraction, 0.07% in the nonsaponifiable 
fraction, and that more than 98% of the added C"™ could be de- 
tected in the acid aqueous phase that is usually discarded. Since 
radiochromatograms of suspending medium, after 1 hour of in- 
cubation with 1 g of liver slices, showed the presence of 87% of 
the added C™ mevalonate, it is likely that the “contamination” 
of fatty acid and cholesterol fractions would not exceed 0.007 
and 0.01% respectively. In view of this negligible activity, no 
correction was made for contamination from mevalonic acid in 
lipid activities reported below. 


EXPERIMENTAL 


To determine that the present series of animals was comparable 
to the series previously studied (3), analysis was made of ketone 
bodies present in the medium after incubation of the slices for 1 
hour. As indicated by the data of Table I, the diabetic prepara- 
tions produced less ketone bodies than the normal, and as be- 
fore, this was shown to be due to a reduction of 8-hydroxybu- 
tyrate formation since the amounts of acetoacetate were normal. 
The amounts of lipid per tissue were determined and found to be 
in agreement with those previously reported (3). With such 
similarities in findings, it is concluded that the responses studied 
are common to normal and diabetic preparations of this labora- 
tory, justifying comparisons with the previous report. 

The repiratory gas exchanges of 12 normal and 14 diabetic 
animals from the butyrate and mevalonate experiments were fol- 
lowed. The normal animals used 59.8 + 3.1! and the diabetic 
56.0 + 2.2 umoles O: per g per hour; the difference is not signifi- 
cant (p > 0.05). The normal animals produced 59.3 + 2.4 and 


1 Standard error of the mean. 
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the diabetic 51.6. + 2.3 umoles CO: per g per hour; the difference 
of 7.7 umoles is significant (p < 0.05). The decrease in CO, 
production is the same but the decrease in O: utilization is not 
quite as large as previously reported by us (3). 

The incorporation of C™ of the four tracer substances into 
CO:, fatty acids, and cholesterol is reported in Table II. Com- 
parison of the response of normal and diabetic animals is offered 
by the appropriate p values. It is evident that with tracer 
acetate, acetoacetate, and butyrate, there was a real decrease in 
the labeling of fatty acids and cholesterol of the diabetic prepara- 
tions. There was no significant change in the formation of CO, 
by the diabetic animals, but the decreased production of CO, in 
the diabetic animals, in the presence of normal C"™ labeling of the 
CO:, gives rise to a C“Oz2 of higher specific activity as reported 
before (3). Essentially the same amounts of each of the three 
compounds, acetate, acetoacetate, and butyrate, were converted 
to lipids by the normal and the diabetic animals, the latter, how- 
ever, showing a lower level of incoporation of all three compounds, 
A grossly different pattern of CO: labeling was present for these 
same three substrates. CO, appearing from acetocaetate was 
only about one-sixth that from acetate and butyrate. 

Mevalonate was incorporated into the three fractions in a pat- 
tern quite different from the other three substances. Although 
about the same amount of C™ activity was incorporated into 
fatty acids as in the case of the other three substances, there was 
an increase for cholesterol and a decrease for CO: labeling. The 
responses of the diabetic animals did not differ from those of the 


TABLE II 


Incorporation of tracer substrates into CO2, 
fatty acids, and cholesterol 


Animal Incorporation per g of tissue per hr 
Tracer substrate 
No. Kind Fatty acids | Cholesterol CO2 
% % % 
6 | Normal | Acetate 0.23 1.22 11.9 
+ 0.05*; + 0.15 + 1.22 
6 | Diabetic Acetate 0.01 0.017 15.6 
| + 0.002) + 0.002 +1.14 
| pt <0.05 <0.005 >0.1 
6 | Normal | Butyrate 0.18 0.83 12.8 
+ 0.09 + 0.032) +1.2 
7 | Diabetic | Butyrate 0.013 0.027 14.2 
+ 0.003) + 0.01 + 1.0 
Pp <0.05 <0.01 >0.10 
8 | Normal | Acetoace- 0.11 0.49 1.62 
tate + 0.024, + 0.095) + 0.20 
4 | Diabetic Acetoace- 0.019 0.012 2.04 
tate + 0.0055 + 0.001 + 0.05 
p <0.05 <0.0125 >0.10 
6 Normal Mevalonate | 0.26 5.8 1.34 
+ 0.04¢) + 0.6f + 1.0* 
6 | Diabetic | Mevalonate | 0.38 5.6 0.88 
+ 0.04f) + 0.2t + 0.2* 
Pp >0.1 >0.05 >0.05 


* Mean + standard error. 

t p Values of 0.05 or less indicate a significant difference be- 
tween mean values at a 0.95 confidence level. 

t As per cent of the L-form of the p,L-mixture. 
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TABLE III 
Rates of labeling from mevalonate-2-C™ 


Incorporation per g per hr* 

Hour 

Cholesterol Fatty acids CO2 Total 

% % % % 

1st 6 2.90 0.13 0.67 3.70 
2nd 2 2.50 0.07 1.50 4.07 
3rd 2 2.10 0.04 0.80 2.94 
4th 2 1.30 0.08 0.20 1.58 


* Mean of values. 


normal animals in any of the fractions studied. Studies on 
systems other than liver slices (16, 17) have shown greater label- 
ing of cholesterol from mevalonate than we observed. A time 
course study was carried out to gain more insight into the dy- 
namics of mevalonate metabolism in the liver slice preparation. 
In Table III there are recorded mean values obtained on the 
three fractions studied. ‘The data are not presented with a sta- 
tistical evaluation, but it is clear that the rates of labeling decline 
after the first 2 hours. The high rate of label incorporation in 
the first hour indicates that tracer permeability (i.e., availability 
to the cell) was not seriously limiting. It is likely that the equi- 
libration period permitted attainment of cellular mevalonate 
levels commensurate with the high rate of utilization recorded 
for this first period. Since adequate levels of tracer mevalonate 
remained in the medium, it is likely that the decline in incorpora- 
tion is due to a lack of accessory factors. 


DISCUSSION 


In the mammal, acetyl-CoA is the focal point for several meta- 
bolic sequences so that the size of, and the flux through, the 


Acetate = [Acetyl- 


[Acetoacetyl-CoA] 


B 


butyrate — 
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[Crotonyl-CoA]} 
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acetyl-CoA “pool” are dependent on a variety of interrelated 
reactions. Some of the dynamics of these relationships have been 
under investigation in this laboratory, especially those reactions 
concerned in feeding and fasting and experimental diabetes. 
The relationship of a number of the key metabolites is indicated 
in Fig. 1. The intermediates and end products with which we 
were primarily concerned are shown without brackets. 

The alloxan-diabetic rat has been shown to have a decreased 
ability to synthesize fatty acids (1, 2, 18, 19) and cholesterol (2, 
3). The decrease in fatty acid labeling has been postulated to 
be due to decreased availability of reduced coenzymes I and II, 
which are normally kept at optimum levels by carbohydrate 
metabolism. Requirement for the DPN system has been shown 
at B, C, D and G, and for the TPN system at C, D, E, F and G 
(20-23, 25). In addition to this cofactor requirement shown by 
others, we have demonstrated a reduction in the production of 
ketone bodies. This decrease was shown to be due to a decrease 
in the 6-hydroxybutyrate fraction, for normal amounts of aceto- 
acetate were found (3). Decreased conversion of the keto acid to 
the hydroxy acid may well be due toa DPNH deficit as detailed 
above. However, our findings of an increase in CO: specific 
activity and a decrease in CO, production led us also to suggest 
a decreased “acetyl pool’’ size and decreased availability of 
acetyl-CoA for synthetic purposes. It is recognized that the in- 
terconversions of a number of the C, acids are most complex 
(23, 24) and as yet not clearly understood. The present studies 
may add additional information as to the reactions proceeding 
under conditions of the liver slice technique. 

The fact that acetate, after conversion to acetyl-CoA, is an 
intermediate to multiple pathways somewhat limits its useful- 
ness as a tracer of specific pathways. In the present study, 
butyrate-1-C™ (which as butyryl-CoA is seemingly peculiar to 
fatty acid pathways), acetate-1-C™ and acetoacetate-3-C™ (as 


Cholesterol 
PP} 


Mevalonic Acid 


{8B-OH, Me Glutarate} 
[Acetoacetyl-CoA]} 


etc. 
C 


[Acetoacetyl-CoA] 


=> Butyrate 
D 
Fatty acids 


Fic. 1. Some relations of acetyl-CoA to intermediary metabolism. The compounds shown in brackets represent the activated 


forms of a number of the intermediates concerned in the present studies. 


Compounds without brackets represent tracer com- 


pounds used and metabolic products isolated in this study. The letters A, B, C, etc. refer to reaction sequences; TCA, tricarbox- 


vlic acid cycle. 
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CoA derivatives are common to both fatty acid and cholesterol 
synthesis) and mevalonic acid-2-C™ (which as mevalonate pyro- 
phosphate is peculiar to pathways of sterol synthesis) were 
chosen to better elucidate the sites of ‘‘metabolic lesions” in the 
diabetic. 

It is clear from the data presented in Table II that acetate, 
acetoacetate, and buyrate are used to about the same extent for 
lipid synthesis in the liver slice system. The similarity between 
acetate and butyrate utilization is even closer, for in both cases 
the tracer C* was found in all three metabolic fractions to the 
same extent. It seems likely that if the added butyrate, or its 
CoA derivative, could equilibrate with the cellular intermediates 
of fatty acid synthesis, the fatty acid fraction would as a result 
contain appreciably more label than the CO: or sterol fractions. 
The essentially identical labeling from acetate and butyrate 
strongly suggests that the major part of butyrate carbon con- 
verted to CO:, fatty acids and cholesterol, enters these fractions 
via acetyl-CoA as an intermediate. In the absence of selective 
labeling of the fatty acids, it is concluded that the fate of exog- 
enous butyrate is catabolism to acetyl-CoA. 

The finding that only one-sixth as much of the radioactivity 
of the acetoacetate-3-C™ as the acetate-1-C' appeared in COs, 
whereas about as much of the acetoacetate label appeared in the 
lipid fractions as did the acetate label, strongly suggests that 
acetoacetate equilibrates with intermediates of lipid synthesis 
either before or after activation. 

Mevalonate-2-C" was converted to COs, fatty acids, and cho- 
lesterol in a pattern quite different from the other intermediates. 
The major part of the mevalonate used appeared in the choles- 
terol fraction. The 5.8% incorporation into the sterol fraction 
appears to be considerably lower than the figures usually given 
for mevalonate conversion to cholesterol by homogenates, but 
Gould and Popjak (26) found slices to be less active than ho- 
mogenates in cholesterol synthesis. 

The amounts of mevalonate-2-C™“ appearing in the CO2 and 
fatty acid fractions deserve comment. If the C" activity found 
in the CO: and fatty acid fractions had been derived from a 
breakdown product of mevalonate metabolism such as acetyl- 
CoA, it would be expected that the CO, fraction would have a 
considerably greater amount of C™ than the fatty acid fraction. 
Since this was not the case and since Popjdék (27) was unable to 
identify any labeled acetohydroxamate from his experiments on 
mevalonate metabolism, it is concluded that mevalonate is not 
converted to acetate or acetoacetate. 

It is likely that the C™ activity found in the fatty acid fractions 
may be due to various higher acids including farnesoic acid (28- 
31) for as shown earlier, mevalonic acid per se does not appear in 
the fatty acid fraction to a significant degree. 

The C* activity found in the CO; fractions is not too different 
from that expected. In the conversion of mevalonate to sterol 
as outlined below, some 8.3% of the starting C'™ of the pL or 
16.6% (%) of the t-form can be expected to appear as CQOz. 


6 pt-Mevalonate-2-C'* — lanosterol + 6 CO, (1) 


Lanosterol (C!*) — cholesterol (C14) + 2 + 1 (2) 


The 5.8% incorporation of C" into cholesterol represents the use 
of 0.0133 umole of the L-form (Reaction 1 and 2). This is, how- 
ever, only § of the true amount of mevalonate used because of 
the loss of C'4O, (Reaction 2). Correction for this loss yields a 
figure of 0.0155 as the umole of mevalonate utilized. It is ex- 
pected that 3 of the C"* of the 0.0155 umole of mevalonate, 7.e. 
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0.0026 umole of C“O:, would be produced. Our finding that 
0.0031 umole (1.34% of 0.23 umole) of CO. was produced in- 
dicates the presence of some 20% more CO, than was expected. 
These results tend to agree with those of Popj4k who found 
“only a little more than may be expected” of mevalonate C™ in 
CO, (27). It is not yet known, however, if this 20% higher re- 
covery of CO; is a significant deviation from the amount pre- 
dicted by current concepts of mevalonate metabolism. 

A comparison of the data of the control and the diabetic ani- 
mals reveals that the previously reported (3) defective hepatic 
lipid synthesis in the diabetic, using acetate-1-C™, is also 
demonstrable with both acetoacetate-3-C™" and butyrate-1-C%, 
The metabolic defect associated with cholesterol synthesis would 
appear to be localized at reaction sequences E, Fig. 1, for me- 
valonate alone of the four substances was not hindered in con- 
version to sterol. The absence of a block of mevalonate con- 
version to cholesterol in the diabetic may be closely related to a 
similar finding as shown by Bucher (32) for fasted preparations. 
The block of acetate conversion to sterol may reside in the 
postulated (3) decrease in acetate availability of the diabetic rat, 
and the decreased conversion of acetoacetate to cholesterol may 
reside in this same defect as well as in the suggested defect in 
availability of the reduced forms of coenzymes I and II (5, 20). 
TPNH has been shown to enhance cholestero] synthesis in frac- 
tionated liver systems (33). If this requirement is present in the 
liver slice systems, it would appear that both normal and diabetic 
preparations contained adequate amounts of TPNH for tracer 
mevalonate incorporation into cholesterol. 

Defective fatty acid synthesis, C and D in Fig. 1, may at least 
in part be due to decreased supplies of reducing coenzyme, for 
the diabetic slices showed decreased activity in the incorporation 
of acetoacetate into fatty acids. As suggested above, acetoace- 
tate may equilibrate with fatty acid precursors and not require 
conversion to acetyl-CoA. If malonyl-CoA is the only required 
precursor of fatty acids, and if the prime condensation product 
is acetomalonyl-CoA which is then converted to butyryl-CoA, it 
is difficult to understand the selective participation of acetoace- 
tate in fatty acid synthesis. That this participation is probably 
not due to complete conversion of the keto acid to acetyl-CoA 
has been suggested above. It may be possible that acetoacetate 
either free or activated can condense with malonyl-CoA. What- 
ever the mechanism of the keto acid utilization, it in turn is sus- 
ceptible to a block in the diabetic condition. 


SUMMARY 


The four tracer molecules, acetate-1-C'4, acetoacetate-3-C", 
butyrate-1-C™“, and mevalonate-2-C™ have been used in liver 
slice studies of COz, fatty acid, and cholesterol formation. 

1. The data suggest that butyrate is first converted to acetyl- 
CoA before labeling of the three fractions occurs. Acetoacetate 
is seen to equilibrate with acetoacetate precursors of fatty acid 
and cholesterol synthesis, seemingly without complete conversion 
to acetyl-CoA. 

2. Mevalonate is shown to label cholesterol selectively, the 
amount of C" of mevalonate-2-C™ found in CO: being about 20% 
higher than expected. 

3. The diabetic rat liver slice preparation is shown to have 
metabolic lesions that influence acetate, acetoacetate, and butyr- 
ate metabolism. Mevalonate is handled by diabetic tissue in 
the same quantitative way as it is by normal tissue. 
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Previous studies on human serum phospholipids have dealt 
with concentration in whole serum (1-3). With the introduc- 
tion of the concept of lipoproteins (4) and lipoprotein classes (5) 
it became of interest to study the phospholipids of serum as 
structural units of these macromolecules. Whereas there is now 
agreement on the relative proportions of the phospholipid species 
in whole serum, it has not previously been known how the in- 
dividual phospholipids are distributed in the lipoprotein classes. 
While this work was in progress, Phillips (6) reported such a 
study. His results will be discussed in some detail in the ap- 
propriate section. 

It has been generally assumed that the major phospholipids of 
serum are phosphatidyl ethanolamine, lecithin, and sphingomye- 
lin (7). However, Phillips (8) reported the isolation and de- 
termination of 7% lysolecithin in human serum phospholipids. 
The minor components are plasmalogens, inositol phosphatides, 
and phosphatidyl serine. The total of these minor compounds 
is not believed to exceed 1 or 2% of the total phospholipids (8). 

In the course of this work a gas chromatography unit became 
available in this laboratory. A corollary study of the fatty acid 
complement of the phospholipids was started and some prelimi- 
nary results will be presented, as little is known concerning the 
composition and distribution of serum phospholipid fatty acids. 

Studies on the fatty acids of phospholipids have been primarily 
restricted to samples from tissues. Luddy et al. (9) reported 
values for whole serum phospholipids as a single class, with the 
use of alkali isomerization techniques, and found 40% saturated 
fatty acids and 60% unsaturated. The unsaturated acids were 
primarily oleic, linoleic, and arachidonic, 35, 15, 18%, respec- 
tively, with traces of other unsaturated acid on the order of 1%, 
which is the limit of error of their method. The saturated group 
was not characterized further. 

James and Lovelock (10) also reported fatty acid analyses on 
total serum phospholipid fractions by gas chromatography. 
They found a range of values for sera from 10 subjects. The 
average values were as follows in %: palmitic 30, palmitoleic 2, 
stearic 20, oleic 20, linoleic 20, and arachidonic 8. Mukherjee 
et al. (11) reported the total phospholipid fraction fatty acid 
composition of rat serum by the use of alkali isomeriza- 
tion. They found rat serum phospholipids to be highly satu- 
rated, approximately 75%. In spite of these few instances, our 
knowledge of fatty acids of serum phospholipids is very incom- 
plete. No data are available on the fatty acid composition of 


* This work was supported in part by the United States Atomic 
Energy Commission and is taken from the thesis of Gary J. Nelson 
submitted to the Graduate Division of the University of California 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy (1960). 


the individual phospholipids of human serum, or of the fatty 
acid composition of the phospholipids of the lipoprotein classes, 


EXPERIMENTAL PROCEDURE 


Blood was drawn in 250-ml quantities from donors on whom 
previous routine serum lipoprotein analyses had been performed 
as part of routine physical examinations. All donors were em- 
ployed at the Livermore section of the Lawrence Radiation Lab- 
oratory. Subjects with high serum lipid values were selected 
for study so that adequate quantities of the respective serum 
phospholipids would be obtained. Although it was realized that 
this would bias the data, it was considered necessary because of 
limitation on the amount of blood obtainable. 

The blood was drawn from the subjects a minimum of 3 hours 
after breakfast. This is not considered a fasting sample, but 
rather postabsorptive. No visible lipemia was present in any 
case, and the S, 20-400 lipoproteins were not elevated above 
how subjects’ normal levels. 

Drawing occurred at approximately 10:00 a.m. and the blood 
was allowed to clot by standing for 6 hours at room temperature. 
At this time the clot was removed and the remaining cells re- 
moved by centrifugation at 2,000 r.p.m. for 20 minutes in an 
International model L centrifuge with a No. 250 rotor. The 
serum, usually slightly hemolyzed, was then transferred to 6-ml 
Lustron preparative ultracentrifuge tubes. The tubes were 
capped and placed in a Spinco series 12-G rotor, designed for 
rotation at 40,000 r.p.m. 


Ultracentrifugation 


The method of separation of the serum lipoproteins was de- 
veloped in this laboratory by Drs. Frank Lindgren and Alex 
Nichols and is to be published in further detail elsewhere. It is 
a system utilizing NaBr solutions, containing a constant (0.195 
molal) content of NaCl, but presents no radical departure from 
the standard lipoprotein separation (12) by flotation in the pre- 
parative ultracentrifuge. All centrifugations were carried out 
in a Spinco model L ultracentrifuge at 20°. 

This procedure separated the lipoproteins of serum into three 
classes.—Class I consisting of molecules with standardized flota- 
tion rates greater than S; 20,1 Class II consisting of those mole- 


1The Sy; unit is used to identify the lipoprotein class on the 
basis of its flotation rate in a solution of density 1.063 g per ml in 
a centrifugal field produced by rotation at 52,640 r.p.m. at 26° in 
a Spinco analytical ultracentrifuge. High density lipoproteins 
which sediment at this density are abbreviated as HDL. The 
added subscripts refer to the different HDL classes as determined 
by their hydrated densities, 1.06, 1.075, 1.145 g per ml for HDIi, 
HDI:, HDL;, respectively. See (13) for further details on lipo- 
protein nomenclature. 
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cules in the range Sy 0-20, and Class III consisting of the high 
density lipoproteins, HDL»2;—as determined by analytical ultra- 
centrifugation. 

The unaltered serum was centrifuged for 24 hours at 40,000 
rp.m. Unaltered serum has a density of 1.006 g per ml. At 
this density centrifugation of the unaltered serum for 24 hours 
at 40,000 r.p.m. results in the top 1 ml of the preparative tube 
containing lipoproteins floating with Sy rates greater than 20. 
All material denser than 1.006 g per ml sediments to the lower 3 
ml of the tube. The second milliliter is void of all macromole- 
cules. The top milliliter was collected in a vial and placed 
under refrigeration at 4° to prevent denaturation of the lipopro- 
teins until they could be extracted. The second milliliter was 
also collected in the same manner. A special pipetting tech- 
nique, developed in this laboratory was used for the removal of 
fractions from the preparative tubes (13). The remaining 4 ml 
of serum in the preparative tube was brought to a density of 
1.070 g per ml by the addition of 2 ml of a previously prepared 
solution of NaBr. The tubes were then recentrifuged for 24 
hours at 40,000 r.p.m. The top 1 ml of the preparation at a 
density of 1.062 g per ml contains all lipoproteins with flotation 
rates greater than S; 2. The denser materials sediment to the 
bottom 3 ml of the preparative tube whereas the second milliliter 
from the top is free of macromolecules. The top milliliter was 
collected in a vial and stored in the cold, as was the second milli- 
liter also. To the remaining 4 ml were added 2 ml of a previously 
prepared NaBr solution which brought the density of the solu- 
tion to 1.218 g per ml. The tubes were then recentrifuged for 36 
hours at 40,000 r.p.m. 

After the final centrifugation the top milliliter of the prepara- 
tory tube at a density of 1.203 g per ml contains the high density 
lipoproteins (HDLi-2-3); the second milliliter is clear of macro- 
molecules, and the lower 4 ml contain the serum residue consist- 
ing principally of serum albumin and globulins. After this final 
recentrifugation the top milliliter, and also the 2nd milliliter were 
collected and stored as described before. The serum residue was 
discarded. The high density lipoproteins obtained in this man- 
ner are the HDLi-2-3. However, HDL; is considered to be closely 
related chemically (14) to the S; 0-20 lipoproteins. Thus, it was 
considered desirable to remove the HDL, from the HDLz3 mole- 
cules. To do this, the top milliliter of the HDL isolation step 
was diluted to a density of 1.075 g per ml and recentrifuged at 
40,000 r.p.m. for 48 hours. This procedure floats the HDL, to 
the top milliliter of the preparative tube whereas the HDL»; 
fraction concentrates in the bottom milliliter of the tube. The 
intermediate 4 ml are generally clear of macromolecules. For 
analytical purposes, however, the top milliliter was collected in 
one vial, the next 2 in another, 4 and 5 in another, and the bottom 
milliliter in another so that analytical runs could be made to 
determine the exact lipoprotein distribution present in each frac- 
tion. 

For characterization of the lipoprotein fractions obtained in 
this procedure, all collected fractions from the preparative runs 
were analyzed by ultracentrifugation in a model E Spinco analyti- 
cal ultracentrifuge. Further, calculations were made from these 
analytical runs to obtain values for lipoprotein concentrations 
inthe serum. The solutions were then diluted to an appropriate 
volume so that aliquots of 10 ml could be taken for extraction of 
the lipids. 
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Extraction and Chromatography 


The extraction and chromatography were carried out as de- 
scribed previously (15). Briefly, the extraction was a modifica- 
tion of the procedure of Sperry and Brand (16) with a mixture 
of chloroform and methanol, 2 to 1. The chromatography was 
performed on silicic acid columns with the use of increasing con- 
centrations of methanol in methylene chloride to elute the phos- 
pholipids from the column. The analyses of the chromato- 
graphic fractions were made by infrared spectrophotometry, with 
estimated probable errors of 5 to 10% for lecithin and sphingo- 
myelin and slightly more than 10% for phosphatidyl ethanol- 
amine-serine.2, Some of the total phospholipid values (e.g. Table 
II) are based on lipid phosphorus measurements, for which the 
precision is within 5%. For further details the reader is referred 
to the original publication. 


Gas Chromatography 

The fractions recovered after the infrared runs were then sub- 
jected to a transmethylation procedure to obtain the methyl 
esters of the constituent fatty acids for the purpose of gas chro- 
matographic analysis. 

Approximately 5 to 10 mg of phospholipid were placed in a 
10-ml glass-stoppered tube. Then 8 ml of a 1% H.SOQ, solution 
in MeOH by weight were added. The tube was then tightly 
stoppered and heated at 75° for 2 to 3 hours. At this time it 
was removed from the heat and the volume of methanol reduced 
by evaporation under'nitrogen to 1 ml. The methanol was trans- 
ferred to a small separatory funnel with a Teflon stopcock and 4 
ml of distilled H,O added to the methanol. The solution was 
then neutralized with an excess of solid NaHCO; and extracted 
four times with 10 ml of petroleum ether (30—60° boiling range). 
The petroleum ether phases were pooled and evaporated to dry- 
ness by nitrogen. The collected methyl] esters were placed in a 
small 2-ml vial and dissolved in a known amount of n-hexane 
(purified by redistillation). The vial was then securely stop- 
pered. 

The esters were applied to column in aliquots of 0.005 ml in 
hexane with a Beckman micro injector. The gas chromato- 
graphic unit’ was designed and built in this laboratory and uses 
an ionization detector of the type designed by Lovelock (17) 
(with the use of a Sr® source of @ particles). The stationary 
phase was LAC-728! absorbed on Chromosorb,® 48 to 65 mesh. 
The column temperature was 190°, and the carrier gas was argon 
at a flow rate of 80 to 90 ml per minute. The column length was 
4 feet. Typical gas chromatograms obtained from this column 
are shown in Fig. 1. 


Fatty Acid Calculation 


The fatty acid compositions of the individual phospholipids 
were determined by measuring the resultant areas of the elution 
peaks recorded on the readout recorder of the gas chromato- 
graphic unit,a Brown recorder. The linearity of the response was 
previously proven, and the unit calibrated by passing known 


2? With the chromatographic procedure used, phosphatidyl eth- 
anolamine and phosphatidy! serine are eluted and analyzed as a 
single fraction. For brevity, this fraction is referred to as the 
phosphatidyl ethanolamine-serine fraction. 

3 To be described in a publication elsewhere. 

‘A succinic acid polyester of diethylene glycol obtained from 
Cambridge Industries Company, Inc., Cambridge, Massachusetts. 

§ Obtained from Wilkens Instruments and Research, Inc., Wal- 
nut Creek, California. 
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Fic. 1. Typical gas chromatograms of fatty acid methyl esters 
obtained from serum phospholipids. Operating conditions identi- 
cal to those described in calibration run shown in Fig. 2. Curve 
A, 8; 0-20 lecithin fatty acid esters. Curve B, total serum phos- 
phatidyl ethanolamine-serine fatty acid esters. Curve C, total 
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Fig. 2. The elution curve of a known mixture of methyl esters 
of fatty acids (obtained from the Hormel Foundation). The sta- 
tionary phase was LAC-728 on Chromosorb maintained at 190°. 
The flow was 80 ml of argon per minute. Column length was 4 
feet. Samples were injected in n-hexane solution. Total sample 
weight, 80 ug. Recorder sensitivity was 1 volt full scale. Fatty 
acids are identified as indicated in Fig. 1. 


serum sphingomyelin fatty acid esters. Fatty acids are indicated 
by number of carbon atoms in the chain and number of double 
bonds are indicated by primes. Thus C’*’ is an 18-carbon fatty 
acid with a single double bond, or oleic acid. Recorder sensitivity 
changes are as indicated. 


amounts of highly purified fatty acid methyl esters (obtained 
from the Hormel Foundation) through the column. See Fig. 2 
for the curve of a standard mixture run on the column. It was 
found that the total area obtained by summing the area of the 
individual peaks was adequate to represent the total amount of 
material added to the column if corrections were applied for differ- 
ences in molecular weight of the individual fatty acid methyl 
esters. This is in agreement with the observation of Lovelock 
(17) that the response of a 8 ionization detector is linear with 
number of organic molecules present in carrier gas. Thus the 
percentages of the various fatty acids present were obtained by 
dividing the corrected areas of the individual elution peaks into 
the corrected total area of the chromatogram. 

Time sequence of the elution peaks (18) from the column was 
taken as the criterion of identification of the particular fatty acid 
methyl ester. The elution characteristics of the column were 
previously determined by the same standardization procedure 
which was used for calibration of the column with standard 
methyl esters. A semi-log plot of elution time against carbon 
chain length for saturated fatty acid methyl esters is seen in Fig. 
3, as well as a plot of elution time against degree of unsaturation 
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Fic. 3. A semi-log plot of retention time of the methyl] esters 
of the saturated fatty acid extending from C,2 to Cos against num- 
ber of carbon atoms in the chain. Operating conditions identical 
to those described in Fig. 2 except that the flow eset 100 ml 
per minute. Also shown is log of retention time of the normal 
chain Cs unsaturated methyl ester series as a function of the num- 
ber of double bonds present in the molecule. 


B 


in the normal chain Cig methy!] esters of oleic, linoleic, and lino- 
lenic acid. Notice the striking linearity of these curves. 


RESULTS 


Table I presents the average individual values of the total 
serum phospholipids obtained in 10 normal males (A series) in an 
earlier study related to the development of the analytical method. 
These data were obtained on whole serum that had not been 
fractionated ultracentrifugally into lipoprotein classes. Also in- 
cluded in this table are the total serum phospholipid values for 
the five cases (B series) in which the three lipoprotein classes 
were analyzed separately. These values are reconstituted from 
the values obtained on the separate lipoprotein classes by the 
use of average values for concentration of the lipoproteins in their 
sera. Although there is considerable individual variation, the 
average values for the A series and the B series agree quite well. 

Table II presents the results of this study on the phospholipid 
distributions of the three lipoprotein classes. The percentage of 
phospholipid of the total lipid extract in each of the three classes 
is remarkably constant. Only in the HDL>z-; is there a variation 
that might be greater than experimental error. This is possibly 


due to the facts that the HDL: and HDL; molecules have differ- 
ent percentages of phospholipids and the concentration of each 
class of molecules is independently variable. 
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| Phospholipids of the 

Noo | Subject | Age | Sex total lipid 
extract | price | Leci- pon 

thin elin 

mg/ml % % % % 

1A | R.H. M 8.60 | 24.9 4.9 | 76.8 | 17.4 
2A | J.D. 46 M 6.50 | 26.4 6.4 | 73.4 | 20.1 
3A | J.B. 34 M 4.40 | 28.4 5.9 | 71.0 | 23.1 
4A | MM 33 M 3.69 | 29.8 6.5 | 75.6 | 17.9 
5A | G.C 50 M 6.08 | 29.9 5.4 | 70.4 | 24.1 
6A | LS. 37 M 6.48 | 29.6 5.0 | 76.6 | 18.4 
7A | M.V. | 55 M 6.79 | 28.2 4.6 | 71.5 | 23.9 
8A | J.K. 34 N 8.24 | 30.1 7.0 | 82.6 | 10.4 
9A | M.F 40 M 6.49 | 29.2 6.7 | 73.1 | 20.2 
10A | W.C 46 M 4.83 | 33.0 8.4 | 73.3 | 18.3 
Average values, A Series....... 29.0 6.1 | 74.4 | 19.4 

1B | L.M. 37 M | 10.80} 28.8 .5 | 73.1 | 21.4 
2B | F.D. 37 M | 13.07) 30.1 .6 | 71.4 | 21.0 
3B | H.G. 39 F 9.14 | 33.4 .6 | 72.6 | 19.9 
4B | D.G. 49 F 8.33 | 26.3 .7 | 74.6 | 19.7 
5B | R.G. 48 M 8.94 | 26.9 -1 | 75.0 | 19.0 
Average values, B Series.......| 29.1 6.5 | 73.3 | 20.8 

* Phosphatidy] ethanolamine-serine. 
TABLE II 
Data summary for serum lipoprotein phospholipids 
Phospholipids of total 

phospholipids 
Run No. total lipid 

% % % % 

2B 8.2 73.3 18.5 18.7 

3B 8.6 | 71.2 20.2 19.8 

4B 7.8 75.3 17.0 18.3 

5B 6.6 75.9 17.6 19.3 

Class I average | Pe 74.0 18.3 18.9 

Class II $7 0-20 | 1B | 4.7 | 68.4 | 26.9 | 24.6 

| 2B 6.9 66.2 26.9 24.9 

; 8B | 6.3 | 69.6.| 25.1 | 25.9 

| 4B | 4.7 | 69.9 | 25.4 | 24.4 

| 5B 5.5 70.7 23.8 25.5 

Class II average | 5.6 68.8 25.6 25.0 
Class III HDLz.; | 6.3 80.1 13.6 40.0 
| 2B 8.4 79.4 12.1 39.2 

3B 9.3 80.1 10.7 43.2 

 =«4B 6.1 82.3 11.4 41.6 

5B 6.9 81.8 11.4 42.9 

Class III average 7.4 80.8 11.8 41.4 


* From lipid phosphorus analyses. 


t Phosphatidyl ethanolamine-serine. 
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TaBLeE III 


Principal fatty acids of human serum phospholipids from whole serum and lipoprotein fractions 
analyzed by gas chromatograph (weight “) 


| Fatty acids of total fatty acid 
| | Cis | Cis | Cis’ Cis’”’ (Unidentified 
Phosphatidy! ethanolamine- H.G. total we 9.4 | 0.4 17.9 | 85 
serine DG total 22.1 1.7 | 37.6 | 12.1 7.7 4.7 13.5 
Lecithin | HG. | 20-400 28.4 0.6 0.7 | 23 | 3 11.4 4.4 
HG. 020 27.4 0.6 23.7 12.3 24.4 9.0 2.5 
H.G.  HDLz; 29.1 0.6 19.5 12.9 24.2 10.6 3.1 
H.G. total 28.3 0.6 21.0 12.6 23.6 10.3 3.3 
D.G. 20-400 41.4 2.3 21.1 15.6 11.7 ne 7.8 
oe | Se 0-20 42.3 2.0 25.4 15.9 8.9 2.8 2.8 
| D.G HDL:z.; 46.4 3.6 25.0 14.3 5.4 5.4 
| D.G total 43.4 2.6 23.8 15.3 8.7 0.9 5.3 
Sphingomyelin total 33.9 0.9 18.3 13.8 21.6 6.7 4.6 
| DG. — 0-20 47.0 2.0 20.5 10.8 8.6 1.0 3.2 7.6 


* The ’ refers to the number of double bonds present in fatty acid molecules. 


Although the range of variation is not large, the distribution 
of the phospholipids is different for each major lipoprotein class; 
and the consistency within this limited body of data suggests 
that these distributions may be characteristic. The most promi- 
nent variation between lipoprotein classes is in sphingomyelin, 
which differs by a factor of two in its proportion in S; 0-20 and 
HDL2;. Since S; 0-20 is normally the most abundant lipopro- 
tein, and its content of sphingomyelin is the highest, this class 
class carries 70% or more of the total serum sphingomyelin. Of 
the total serum phospholipids, 50% or more are carried in S; 
0-20 lipoproteins. HDL2-; lipoproteins have the lowest content 
of sphingomyelin and the highest percentage of lecithin. Sy 
20-400 is intermediate with respect to these two components, 
and its composition is similar to that determined for total serum 
phospholipids. The phosphatidyl ethanolamine-serine fraction 
does not vary greatly in the different lipoproteins, being slightly 
lower in the S, 0-20 class. No differences with regard to sex 
have been observed, either in this work or that of Phillips (6). 

Table III presents the results of the gas chromatographic anal- 
ysis of the phospholipid fatty acids. The gas unit used in this 
experiment was undergoing modification and additions during 
the course of the work so that it was impossible to run complete 
analyses on all samples, and the results must be regarded as pre- 
liminary, pending more detailed studies. In general the degree 
of saturation found in this study is higher than that reported in 
the few previous investigations. Allowing for individual varia- 
tion, it appears that palmitic and stearic together make up about 
50% or more of the total fatty acids. Palmitic is the most abun- 
dant fatty acid of lecithin and sphingomyelin, whereas the pri- 
mary fatty acid of the phosphatidy! ethanolamine-serine fraction 
appears to be stearic. As this fraction is presumed to be largely 
phosphatidyl ethanolamine (3), stearic is probably the primary 
fatty acid found in that compound. This acid is not usually 
predominant in compounds isolated from humans. The princi- 
pal unsaturated fatty acids are palmitoleic, oleic, linoleic, and 
arachidonic, with linolenic almost completely absent. 

Two total serum phosphatidyl ethanolamine-serine samples 
were analyzed for fatty acids. There was not enough of this 
fraction obtained in any of the lipoprotein classes to run frac- 
tions separately. Phosphatidyl ethanolamine-serine fractions 


were pooled for fatty acid analyses after the infrared spectra were 
obtained on the separate fractions. Lecithin samples from all 
three lipoprotein classes of two individuals were analyzed sepa- 
rately. ‘Two analyses of sphingomyelin were made, one on total 
serum sphingomyelin and one on material from Class II lipopro- 
tein. In both instances the chromatographic fraction was sub- 
jected to mild alkaline hydrolysis as described by Hack (2). Sub- 
sequent extraction yielded sphingomyelin substantially free of 
lecithin or its fatty acids. 

Evidence was obtained for the presence in sphingomyelin of 
fatty acids with longer retention times than the 20-carbon acids 
(see Fig. 1C). These may be either longer chain acids or hy- 
droxy-acids such as those that have been reported to occur in 
the sphingolipids of tissue (19, 20). In the present study no 
attempt was made to identify those compounds. In all fractions 
analyzed, evidence was obtained for shorter chain fatty acids in 
small amounts. The amounts were too small to be accurately 
measured with the size samples available. Generally the chro- 
matograms obtained indicated that all normal chain saturated 
fatty acids with even numbers of carbon atoms from Cx to Cig 
or higher are present in serum phospholipids, as are also many 
of their unsaturated analogues. Usually, short chain compo- 
nents, Cs to Cys, were present in amounts of less than 1% of the 
total fatty acids. 


DISCUSSION 


The results of Phillips’ (6) study agree well with this work in 
view of the differences between experimental procedures. Each 
class of lipoproteins shows a distinct phospholipid spectrum. In 
Phillips’ study the distinction between Class I and II is less than 
that shown in this work. The explanation for this may be found 
in the ultracentrifugal lipoprotein separation. In Phillips’ pro- 
cedure, taken from the method of Havel et al. (21), Class I con- 
tains lipoprotein with S, rates above 10 to 12, whereas S, 20 was 
the divisional point used in this work. The amount of material 
transferred in this manner, although not large, would be enough 
to produce the observed differences, as the sphingomyelin con- 
centration is highest in the S; 0-20 region. It is not altogether 
impossible, albeit unlikely, for the Sy 10-20 lipoproteins to have 
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a unique phospholipid distribution. There is no evidence for 
such an assumption, however. 

This same type of argument can be applied to the sphingo- 
myelin concentration in Class III. In Phillips’ procedure, 
HDLi.23 and the ultracentrifugal residue are included in the 
third class, whereas only HDL23 were analyzed in this work. 
If HDL: approximates Class II, then sphingomyelin should be 
slightly higher in Phillips’ study than in this one. 

There is a significant difference between the amount of phos- 
phatidy] ethanolamine-serine reported in Phillips’ and this study. 
This can only be attributed to a systematic error in one of the 
procedures used, but it is not possible to ascertain to which work 
the error should be assigned. The amount of phosphatidyl] eth- 
anolamine-serine is small in either case and subject, therefore, to 
the largest error. In our procedure this fraction is most likely to 
be contaminated by the nonphosphorus-containing materials, 
and we have estimated the probable error to be slightly more 
than 10%. Phillips did not estimate the inherent error in his 
procedure. 

Phillips also reported the presence of lysolecithin (6, 8, 22) in 
all fractions. The average value reported for total serum phos- 
pholipids was 7%. The distribution of the lysolecithin was 
nonuniform, with the largest percentage (22) being found in the 
high density residue, p > 1.21 g per ml. In Class III Phillips 
reported 14% lysolecithin. In Class I and II lysolecithin ac- 
counts for no more than 5% of the lecithin value. 

The values reported by Phillips concerned individuals with 
average serum lipid levels considerably below the cases studied 
in this work. As there is no significant variation that is not 
traceable to some other cause, the distribution of serum phos- 
pholipids, both in total serum and in the three classes, must be 
unrelated totheir concentrationsintheserum. ‘This, indeed, is to 
be expected on the basis of earlier studiés of serum lipids in which 
there was found no variation of the total lipid composition of 
serum lipoproteins with total serum lipid (23). In this work, 
individuals with total serum lipid values varying from 13.1 to 
8.8 mg per ml were studied and were shown to have similar phos- 
pholipid distributions. 

In this respect the work of Petersen (24) is of interest. Peter- 
sen studied the distribution of total serum phospholipids in re- 
spect to starvation. He found a rise in total serum phospholipids 
that amounted to about 10% above the fasting level and was of 
a transient nature. Moreover this rise could be attributed en- 
tirely to a selective increase in sphingomyelin content. This is 
contrary to observed lipoprotein behavior (25) after a fasting 
period of seven days, when the principal change is an increase in 
S; 12-400 lipoproteins. lif the light of the data presented in this 
paper the corresponding change in phospholipids would be a 
general increase rather than a selective one. A question is there- 
fore raised concerning the validity of Petersen’s findings, and 
perhaps whether the experimental methods available to him were 
adequate. 

The differences in the phospholipid composition of the major 
lipoprotein classes are sufficient to rule out the possibility that 
the phospholipids of one lipoprotein class can be transferred in 
foto to another class. If physical transformations are occurring 
between molecules in the lipoprotein spectrum then a process 
such as that proposed by Lindgren et al. (14) involving fragmenta- 
tion and recombination of smaller lipoprotein subgroups must be 
assumed. The apparent similarity of the fatty acid compositions 
in all lipoproteins of a given serum is consistent with the hypothe- 
sis that transference of individual phospholipid molecules can 
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take place. An alternative explanation might be that the fatty 
acid composition of each phospholipid type is determined by the 
composition of its own pool in the body. 


SUMMARY 


The phospholipid compositions of human serum lipoproteins 
have been determined on ultracentrifugally separated serum lipo- 
protein classes by silicic acid column chromatography and infra- 
red spectrophotometry. The lipoproteins were separated into 
three classes; S; 20-400, S; 0-20, and the major high density 
lipoproteins. The phospholipids were separated into a fraction 
containing phosphatidyl ethanolamine and phosphatidy] serine, 
a lecithin fraction, and a sphingomyelin fraction. All phospho- 
lipids are present in each lipoprotein class, but their distributions 
in each class are sufficiently different to be characteristic. Anal- 
yses were run on sera from five individuals and only small devia- 
tions from the average values were observed. 

In a few cases the fatty acids of the separated phospholipids 
were analyzed by gas chromatography. 
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The measurement of the over-all gas pressure changes in a 
Warburg apparatus provides a simple and rapid procedure for 
following the action of insulin on rat adipose tissue (1, 2). In 
our previous studies with this technique we limited our studies 
to the epididymal fat pad and to the use of glucose as substrate. 
We present data here which show that the technique is equally 
applicable to white adipose tissue from other locations in the 
body of the rat, male and female. In addition, observations are 
also given on the response of the rat epididymal fat pad to insulin 
in the presence of metabolites other than glucose. 


EXPERIMENTAL 


All rats employed were purchased from the Holtzman Com- 
pany and fed ad libitum on Purina laboratory chow. The gen- 
eral procedure for obtaining and handling of white adipose tissue 
was similar to that described previously (1, 2). Brown adipose 
tissue was obtained from the region of the scapula and was dis- 
sected as free and as rapidly as possible from white adipose tis- 
sue and muscle. A bicarbonate incubation medium was used 
throughout with the composition given by Krebs and Henseleit 
(3), the gas phase was 5% CO-95% air, and the temperature 
37.4°. Warburg vessels without a center well and with a total 
capacity of about 10 ml were employed and the total fluid vol- 
ume was 1.5 ml. The weight of tissue employed per vessel was 
100 to 200 mg. The manometric procedure has been given pre- 
viously (1). 

The insulin solutions were prepared from the same sample and 
in the same manner as described before (1). The final concen- 
tration in all cases was 0.1 unit per ml. The p-glucose was a 
product of Merck and Company, the p-fructose was purchased 
from Nutritional Biochemicals Corporation and had been shown 
to be glucose free by means of glucose oxidase by Dr. B. Landau 
to whom we are indebted for the sample. The p-mannose was a 
Pfanstiehl product. It was kindly supplied by Dr. T. H. Wilson 
who reported that glucose could not be detected in it by the tech- 
nique of paper chromatography. Two different commercial sam- 
ples (Pfanstiehl and Eastman Kodak Company) of p-galactose 
were employed both yielding the same result. Sodium acetate 
was prepared from recrystallized acetic acid and carbonate free 
sodium hydroxide and then recrystallized twice. Sodium pyru- 
vate was a crystalline product prepared from purified pyruvic 
acid and sodium hydroxide. Glucose 6-phosphate was a Sigma 


* This work was supported in part by funds received from the 
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preparation. Glycerol was Merck’s reagent grade and malonate 
and propionate were products of Eastman Kodak Company. 
Glass redistilled water was employed throughout. All other 
compounds employed were of the highest purity to be obtained 
commercially. 


RESULTS 


The type of response given by adipose tissue from four differ- 
ent depot sites in the male rat is shown in Fig. 1. There is very 
little difference in the pattern shown by samples of epididymal, 
mesenteric, or perinephric fat. The magnitude of the response 
to insulin of the latter tissue per unit weight tends to run some- 
what below that of the other two. This is probably a reflection 
of its greater thickness. The behavior of brown adipose tissue 
is quite different. In the case illustrated in Fig. 1 there is a pro- 
nounced release of gas from the start of the experiment and the 
addition of insulin does not change this rate. The pattern seen 
with brown adipose tissue is, however, not a consistent one. It 
usually shows an initial release of gas, but the addition of insulin 
may in some cases increase the rate of gas evolution, in others 
decrease it, or have no effect. The data presented in Tables I 
and II illustrate the wide variety of response that is obtained 
with this tissue. This may in part reflect the difference in struc- 
ture and composition of this tissue! but it must be borne in mind 
that of the tissues studied here the brown adipose tissue suffers 
more handling before its use than the others. It may also con- 
tain remnants of muscle tissue. More work will be required on 
this tissue to understand the reasons for its different behavior. 

In Fig. 2 an example of the time courses of the response to 
insulin shown by various tissues from the female rat is shown. 
Here the inguinal fat tissue has been used in place of the epididy- 
mal. Again it is seen that there is a marked similarity in the 
behavior of inguinal, mesenteric, and perinephric fat. The re- 
sponse of brown fat in the female is as variable as in the male. 
In the case selected for portrayal here the brown fat resembles 
the other tissues in the initial period and the addition of insulin 
in this case produces a small response. Also shown in the figure 
is the behavior of a piece of diaphragm. With this tissue there 
is a release of gas from the start of the experiment which gradually 
decreases with time. The addition of insulin has no effect upon 
the rate of the gas release. We presume that the reaction in the 


! Unpublished experiments from this laboratory by C. D. Joel 
and E. G. Ball have shown that brown adipose tissue is very rich 
in cytochromes and that the brown color of this tissue is largely 
due to the presence of these hemochromogens. 
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ease of diaphragm muscle is due to the liberation of lactic acid 
which releases CO2 from the bicarbonate of the medium. Liver 
slices show a pattern identical with that of diaphragm. Thus 
the increase in positive pressure obtained upon the addition of 
insulin is one characteristic of white adipose tissue in which fat 
synthesis is initiated. 

Tables I and II summarize the data obtained on tissue from 
six male rats and 10 female rats. As previously noted (2), the 
magnitude of the response to insulin which the epididymal fat 
pad shows decreases as the rat ages. It is seen from the data 
in Table I that there is a similar decrease in the response shown 
by mesenteric and perinephric adipose tissue. It is thus not a 
property of the epididymal fat pad alone. This alteration in 
response with age is also shown by the white adipose tissue of 
the female as is shown by the data presented in Table II. The 
female rats employed were all from a batch born at the same 
time, whereas the male rats were taken from four different 
batches. In the series of rats studied here there is an indication 
that the tissue response to insulin drops off at a somewhat earlier 
age in the male than in the female. Whether this is a reflection 
of the slower gain in weight shown by the females or some hor- 
monal difference must remain an open question for the present. 

The response to insulin of the epididymal fat pad in the pres- 
ence of various compounds that might act as substrates for the 
tissue has been measured. In Fig. 3 data are presented where 
the response to be seen with glucose as substrate has been com- 
pared with that seen in the presence of mannose, fructose, or 
galactose. In all cases paired tissues were employed, one with 
glucose present and the other with the hexose under test. The 
results shown are the mean values from five experiments, each 
of which was run in a manner similar to that depicted in Figs. 1 
and 2. Each sugar was compared with glucose at two concen- 
trations, 100 and 400 mg per 100 ml. In the case of mannose 
the response, calculated as the net difference in gas exchange 
before and after the addition of insulin, was 79% of that obtained 
with glucose when the concentration of the sugars was 100 mg 
per 100 ml, and 66% at 400 mg per 100 ml. Fructose as com- 
pared with glucose showed responses of 23 and 34% at concen- 
tration values of 100 and 400 mg per 100 ml, respectively. It 
is of interest to note that at the higher concentration of fructose 
a positive response in gas exchange was always observed in the 
initial period as though some fructose were entering the cell in 
the absence of added insulin. The data of Fig. 3 also suggest 
that a similar, although much less marked entrance of glucose 
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Fic. 1. The response of various types of adipose tissue from the 
male rat to insulin. All tissue samples were obtained from the 
same rat. Insulin was added from the side arm at the time indi- 
cated by the arrow so as to yield a final concentration in the flask 
of 0.1 unit per ml. Experimental procedure as described in the 
text. 


may occur at the higher concentration. At any rate, there is a 
consistently smaller negative response at 400 mg than at 100 mg 
per 100 ml with glucose. There is no evidence that the metabo- 
lism of galactose at 100 mg per 100 ml is facilitated by insulin. 
At the higher concentration there is a suggestion that galactose 
entry may be increased by the presence of insulin but the change 
is very small and is not seen in all experiments. 

The results of a study of the effects of the presence in the me 
dium of substrates other than plain hexoses on the net gas ex- 
change pattern are summarized in Table III. In each of these 
experiments four pieces of tissue from a single rat were run si- 
multaneously in the manner of the experiment depicted in Figs. 


TABLE I 
Activities* of various adipose tissues from male rats 
Epididymal Mesenteric Perinephric Brown Fat 
Rat age Rat weight : } 

ee ‘~<A A | | BAA A | B | B-A A | B | B-A 

days 8 ul CO2/100 mg wet wt. tissue/hr 
44 177 —4.6 18.5 23.1 —4.3 24.5 28.8 0 18.3 18.3 27.0 23.2 —3.8 
47 193 17.2 64.0 46.8 Pe 49.5 42.4 15.4 47.9 32.5 64.5 68.0 3.5 
48 223 —1.2 72.8 74.0 10.2 110.0 99.8 13.2 82.5 69.3 34.8 50.6 15.8 
52 219 —1.8 46.3 48.1 3.9 45.8 41.9 2.2 36.7 34.5 41.3 35.2 —6.1 
57 240 0 22.5 22.5 —1.6 24.4 26.0 2.2 29.7 27.5 27.3 13.2 —14.1 
61 262 —2.8 14.6 17.4 2.8 19.8 17.0 4.2 15.5 11.3 32.1 20.2 —11.9 
Average 1.1 39.8 38.6 3.0 45.7 42.6 6.2 38.4 32.2 37.8 35.1 —2.8 


* Rate A is for the initial period; B for the period after addition of insulin. 
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TABLE II 
Activities* of various adipose tissues from female rats 
Inguinal Mesenteric Perinephric Brown fat 
Rat age Rat weight wisi 
A | B | B-—A A | B | B-A A | B | B-—A A | B | B-A 
days g pl CO2/100 mg wet wt. tissue/hour 
54 163 10.1 36.3 26.2 —3.7 24.2 27.9 2.9 28.3 25.4 73.0 90.3 17.3 
57 184 4.5 61.0 56.5 —0.8 74.5 75.3 1 55.9 50.8 (24.0) 46.4 (22.4) 
58 190 20.8 66.6 45.8 7.5 55.0 47.5 33.8 67.5 33.7 29.7 40.6 10.9 
62 198 3.6 50.7 47.1 0.7 42.2 41.5 1.7 31.6 29.9 (3.2) 5.4 (2.2) 
65 185 6.2 41.7 35.5 —0.7 33.8 34.5 3.7 42.1 38.4 —0.8 9.1 9.9 
70 213 17.9 54.3 36.4 —3.2 37.4 39.6 4.0 33.3 29.3 5.5 10.3 4.8 
76 207 5.4 23.5 18.1 3.5 33.1 29.6 2.8 29.6 26.8 7.6 8.9 1.3 
92 218 2.1 13.9 11.8 0 25.2 25.2 —0.9 21.3 22.1 ? 25.7 ? 
107 228 0 5.9 5.9 —2.5 13.6 16.1 0 7.2 7.2 (15.4) 43.4 (28.0) 
138 242 0 11.1 11.1 —1.4 16.4 17.8 —0.7 12.5 13.2 25.0 30.0 5.0 
Average 7.0 36.4 29.4 0 35.5 35.5 5.2 32.9 27.7 


* Rate A is for the initial period; B for the period after addition of insulin. Values in parentheses are approximate since rate 


was not linear with time. 
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Fic. 2. The response of various types of adipose tissue from the 
female rat to insulin. Experimental conditions were the same as 
described under Fig. 1. 


land2. After the rate of gas exchange (A) for the initial period 
(usually 60 minutes) was determined the contents of the side 
arm were added and the rate (B) determined during the subse- 
quent hour. Rates were always linear with time over the periods 
of observation. No striking effects are to be noted in these ex- 
periments. The rates during the initial period tended to be 
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Fic. 3. The response of the epididymal fat pad to insulin in the 
presence of various hexoses. All values given are the mean of 
five experiments. Rates were determined by the experimental 
procedure depicted in Figs. 1 and 2 and as described in the text. 
Final concentration of insulin 0.1 unit per ml. All hexoses be- 
longed to the p series. 


more negative in the presence of acetate, propionate, malonate, 
and glycerol than in the control vessel which contained glucose. 
The effect was especially marked with propionate, suggesting 
that the R.Q. of the tissue is lowered in the presence of this sub- 
stance. Pyruvate, on the other hand, tended to raise the R.Q. 
of the tissue above that seen in the glucose control. It has been 
found? that the oxygen consumption of this tissue is stimulated 
by the presence of pyruvate though unaffected by glucose. No 
increase in oxygen consumption has been observed in preliminary 
experiments in the presence of acetate, propionate, or glycerol 
with or without insulin present. The data in Table III show 
that the addition of insulin did not alter the rate of gas exchange 
in the case of any of the six substances tested. Moreover, the 
effect of insulin on the rate seen in the presence of glucose was 
not appreciably altered by any of these substances whether they 


2 J. H. Hagen and E. G. Ball, to be published. 
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March 1960 E. G. Ball and O. Cooper 
TaBLeE III 
Response of epididymal fat pad to insulin in presence of various metabolites 
Ratet 
cn, nO Compound tested and concentration* | Vessel No. Present in main chamber Added from side arm 
A B 
tad pl./100 mg/hr 

3 Sodium acetate 20 1 acetate insulin —8.1| —8.1 0 
2 glucose insulin —2.9 17.5 | 20.4 
20 3 acetate + glucose insulin —5.7 13.2 | 18.9 
20 4 glucose + insulin acetate 11.7 10.1 | —1.6 
3 Sodium pyruvate 20 1 pyruvate insulin —1.7|; —1.2 0.5 
2 glucose insulin —4.5 15.6 | 20.1 
20 3 pyruvate + glucose insulin —1.3 12.1 | 13.4 
20 4 glucose + insulin pyruvate 11.6 8.2 | —3.4 
2 Sodium propionate 20 1 propionate insulin —15.0 | —18.2 | —3.2 
2 glucose insulin —0.7 30.2 | 30.9 
20 3 propionate + glucose insulin —9.8 28.5 | 38.3 
20 4 glucose + insulin propionate 25.8 22.5 | —3.3 
2 Sodium glucose 6- | 20 1 glucose 6-phosphate insulin —9.0 | —10.2 |} —1.2 
phosphate 5 2 glucose 6-phosphate insulin —8.9 | —11.5 | —2.4 
5 3 glucose 6-phosphate + glu- | insulin —2.2 30.3 | 32.5 

cose 

5 4 glucose + insulin glucose 6-phosphate 25.4 24.3 | —1.1 
2 Sodium malonate 5 1 malonate insulin —5.0| —4.1 0.9 
2 glucosef insulin —3.3 29.0 | 32.3 
1 3 malonate + glucosef insulin —2.0 26.3 | 28.2 

1 4 glucose + insulin malonate 30.9 30.9 0 
3 Glycerol 21.7 1 glycerol insulin —6.3 | -—6.2 0.1 
5.4 2 glycerol insulin —7.7| —8.6 | —0.9 
3 glucose insulin —2.4 15.7 | 18.1 
5.4 4 glycerol + glucose insulin —3.8 18.6 | 22.4 


* Final concentration in main chamber. 


t Rate A is for the initial period; B for the period following the addition of the contents of the side arm. 
t Glucose concentration was 360 mg per 100 ml in these experiments and 100 mg per 100 ml in all other cases. 


were present initially or added from the side arm after the glu- 
cose reaction was underway. 


DISCUSSION 


The ability of various adipose tissues of the rat to respond 
in vitro to the addition of insulin by an increased glucose uptake 
was first demonstrated by Krahl (4). These findings were con- 
firmed by Itzhaki and Wertheimer (5). The fate of the glucose 
so consumed was not determined in these studies though the 
latter workers reported that O2 consumption was not increased. 
The data presented here indicate that the addition of insulin in 
vitro to various types of white adipose tissue causes a pronounced 
change in the total gas exchange and suggests that a conversion 
of glucose to fatty acid occurs. The magnitude of this change 
per unit wet weight is not markedly different for the various 
types of white adipose tissue studied and the response is appar- 
ently not affected by the sex of the rat. Hence it should be pos- 
sible to employ a variety of types of white adipose tissue for 
studies in vitro of the kind which have been carried out so success- 
fully by numerous workers on the epididymal fat pad. In addi- 
tion, the use of adipose tissue from female rats should permit 


studies of the possible interplay of female hormones on the me- 
tabolism of this tissue. 

The pronounced change in response to insulin with the altera- 
tion in age of the rat first described (2) for the epididymal fat 
pad is also seen with other types of white adipose tissue. It is 
also seen in the female as well as the male. A similar change 
has been seen in the rate of oxygen consumption of the epididy- 
mal fat pad with age.? These results serve to emphasize the 
need to take into consideration the age of the rat when studies 
on the metabolism of white adipose tissue are made. Failure in 
the past to do so may account for the divergent results that have 
been reported in the literature. 

No consistent response of brown adipose tissue in vitro to in- 
sulin as measured by total gas exchange has been observable. 
This may reflect the fact that this tissue has required more han- 
dling before its use than the white adipose tissue. A marked 
positive pressure response is often seen before the addition of 
insulin. This may be in part due to adhering muscle fibers which 
by formation of lactic acid will release CO from the bicarbonate 
medium in the manner seen with diaphragm muscle. Since 
brown adipose tissue is much lower in its total fat content than 
white adipose tissue (6, 7), it may not be capable of the rapid 
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synthesis of fatty acids seen in the latter and hence no pronounced 
alteration in total gas exchange should be expected. Also, brown 
adipose tissue is richer in glycogen than white adipose tissue 
(7-9). Thus it is possible that glucose is preferentially converted 
to glycogen in brown adipose tissue in the presence of insulin in 
vitro. Such a conversion would not be reflected in total gas ex- 
change studies. 

The epididymal fat pad not only responds to insulin in the 
presence of p-glucose, but also D-mannose and p-fructose. The 
response obtained with these three hexoses when present at a 
concentration of 400 mg per 100 ml is in the ratio of 1.0, 0.66, 
0.34 for glucose, mannose, fructose. The same order of reac- 
tivity of these three sugars has been noted for their rate of phos- 
phorylation by ATP in the presence of rat red cell hemolysates 
(10). In this reaction the ratio of activity was found to be 1.0, 
0.77, 0.36. This fact suggests that insulin may facilitate equally 
the penetration of all three of these hexoses into the fat cell but 
that the rate of their metabolism after entrance is a reflection of 
the rate at which they react with ATP. The behavior of p-man- 
nose and p-fructose in their response to insulin as found here 
agrees with the findings of Park (11) on the change in distribution 
of these sugars in the body water of the eviscerated rat after 
insulin administration. These findings also parallel the behavior 
reported for the effect of insulin on the uptake of p-fructose by 
the rat diaphragm in vitro (12,13). The behavior of these sugars 
in response to insulin in the dog would appear to be different (14). 

It should be emphasized in this regard that the procedure em- 
ployed here will measure the entrance of added substrates into 
the metabolic pool only if they produce a substantial change in 
the net metabolic rate of the tissue. Thus the negative results 
with galactose can not be taken as evidence for the inability of 
insulin to effect entrance into the cell of this hexose. This may 
indeed be the case, but the negative findings could as well be 
due to the inability of adipose tissue to metabolize this sugar 
after its entrance at a rate measurable by the techniques em- 
ployed. 

A similar argument applies to the studies made with acetate, 
pyruvate, glycerol, malonate, and propionate. The results ob- 
tained with these compounds merely indicate that when they 
are present alone they can not be converted to fatty acids at a 
rate measurable by the technique employed. Studies by Wine- 
grad and Renold (15) have shown that insulin added in vitro to 
the epididymal fat pad did not significantly stimulate the me- 
tabolism of acetate-1-C" or pyruvate-2-C™ to CO, or lipid when 
these substances were present alone in the medium. In the pres- 


ence of unlabeled glucose, however, these workers found that 
insulin markedly stimulated the incorporation of radioactivity 
into lipid from these labeled substrates. The results reported 
here indicate that the effect of insulin on the over-all metabolic 
rate of adipose tissue in the presence of abundant glucose is not 
affected by the addition of acetate or pyruvate. Thus the in- 
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corporation of radioactive acetate or pyruvate into lipid which 
occurs under these conditions may represent merely the labeling 
of the acetyl-CoA pool rather than an enlargement of it. How- 
ever, the factor limiting the rate of lipid synthesis may be, not the 
magnitude of the acetyl-CoA pool, but the availability of TPNH 
generated by metabolism of glucose by way of the glucose 6- 
phosphate dehydrogenase pathway. In this regard it is of in- 
terest that the presence of glucose 6-phosphate in the medium 
was without effect upon the metabolism of adipose tissue, though 
this may reflect its inability to gain entrance into the cell. 


SUMMARY 


The manometric measurement of the over-all gas pressure 
changes as a means of following the action of insulin in vitro is 
applicable to white adipose tissue from diverse depot sites in both 
male and female rats. The degree of response observed varies 
with the age of the rat. ‘Fhe behavior of brown adipose tissue 
in its response to insulin as measured by this technique is quite 
variable and unpredictable. 

As measured by its effect on total gas exchange, insulin facili- 
tates the utilization by the epididymal fat pad of glucose, man- 
nose, and fructose, but not galactose. No effect of insulin on 
this tissue as measured by this technique is seen in the presence 
of acetate, pyruvate, malonate, propionate, glycerol, or glucose 
6-phosphate regardless of the presence or absence of glucose. 
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Malonic semialdehyde has been established as the product of 
hydration of acetylenemonocarboxylic acid in a reaction cata- 
lyzed by an enzyme from a strain of Pseudomonas fluorescens (2). 
Since the pseudomonad could use acetylenemonocarboxylic acid 
as the sole carbon and energy source for maintenance and growth, 
it was of interest to determine the route by which malonic semi- 
aldehyde was converted to the more direct intermediates of cell 
synthesis. 

This investigation has resulted in the isolation of an enzyme, 
malonic semialdehyde oxidative decarboxylase, which mediates 
the pyridine nucleotide and CoA-linked formation of acetyl-SCoA 
and carbon dioxide from malonic semialdehyde (Reaction 1). 
The reaction is unique in that the conversion seems to involve a 
single enzyme. Neither malonyl-CoA nor acetaldehyde partici- 
pates as a free intermediate. 


HOOCCH:CHO + DPN* + CoASH — 


(1) 
CH;COSCoA + CO: + DPNH + H* 


ENZYME PURIFICATION 


The course of the reaction was followed by measuring the 
increase in absorption at 340 my resulting from the formation 
of reduced pyridine nucleotide. Unless otherwise specified, the 
incubation mixture consisted of the following (in wmoles) in a 
final volume of 1.0 ml: Tris at pH 7.8, 50; mercaptoethanol, 5; 
DPN, 1.5; CoA, 0.5; enzyme; malonic semialdehyde, 0.5. The 
reagents, added in the above order, were incubated with the en- 
zyme for 4 minutes at approximately 25° before addition of the 
aldehyde. The reaction was initiated by the addition of ma- 
lonic semialdehyde and measured at half-minute intervals for 2 
minutes. Fractions containing ammonium sulfate were stim- 
ulated by ethylenediaminetetracetate and with such preparations 
1 mg of chelating agent was included. 

Under these conditions, the reduction of DPN was a linear 
function of time and of protein concentration (Fig. 1) within the 
range causing absorbancy changes of 0.08 per minute and the 
formation of less than 0.05 umole of product. A unit of enzyme 
activity is taken as that quantity catalyzing the formation of 
1.0 umole of DPNH per minute in the standard assay system. 
Specific activity is defined as the number of units per mg of pro- 
tein. 

Fractionation—Cells were grown on acetylenemonocarboxylic 


*A preliminary report concerning some of these findings has 
appeared (1). 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. 


acid and harvested as described previously (2). Unless other- 
wise noted, subsequent steps were carried out with mechanical 
stirring at approximately 0° and centrifugations were conducted 
at approximately 15,000 x g. 

A suspension of 8 g of previously frozen and thawed cells in 50 
ml of 0.05 m potassium phosphate buffer at pH 7.0 containing 
0.005 m mercaptoethanol! was disrupted by sonic oscillation in a 
10-ke Raytheon vibrator for 20 minutes. After centrifugation 
the supernatant fluid (Fraction 1) was made 0.1 m with respect 
to ammonium sulfate and a 1% solution of protamine sulfate 
added dropwise until a volume 40% of that of Fraction 1 (20.8 
ml) had been delivered. The suspension was then centrifuged 
and the residue was discarded (Fraction 2). 

To Fraction 2 were added 14.2 g of ammonium sulfate and the 
precipitate was discarded. The further addition of 10.4 g of 
salt caused precipitation of the enzyme which was suspended in 
11 ml of 0.05 M potassium phosphate at pH 7. The solution was 
dialyzed overnight against a hundred volumes of 0.05 m Tris at 
pH 7.2 which contained 50 mg of DPN per liter (Fraction 3). 

The dialyzed protein solution, 12.8 ml, was treated with pre- 
cooled (—30°) acetone in an alcohol-water-dry ice bath at —3° 
so that a concentration of 40% (volume per volume) was obtained 
in 10 minutes. After centrifugation at —5° the supernatant 
fluid was cooled to —10°, and acetone was again added to a final 
concentration of 56%. After centrifugation at —10° the residue 
was suspended in 6 ml of 0.05 m Tris at pH 7.2 and 0.6 ml of 
calcium phosphate gel (22 mg dry weight per ml) was added. 
After centrifugation the supernatant fluid represented Fraction 4. 

Calcium phosphate gel, 21 ml, containing 22 mg dry weight 
per ml, was centrifuged for 5 minutes at 5000 x g and the super- 
natant fluid was discarded. Fraction 4 was added to the packed 
gel and the mixture was thoroughly suspended and centrifuged. 
Generally this procedure allowed the absorption of 90% of the 
activity although, on several occasions, a second, identical gel 
treatment was necessary. The gel was successively eluted with 
6-ml portions of 0.05 m Tris at pH 7.2, 0.03 m potassium phos- 
phate at pH 7.0, and 0.05 m potassium phosphate at pH 7.0. 
Those fractions containing the enzyme at the highest specific 
activity were combined and dialyzed overnight as described for 
Fraction 3. This step was the most variable of the entire puri- 
fication procedure. For the preparation summarized in Table 
I, the major fraction of the activity was obtained in the 0.03 m 
phosphate eluate. 

The dialyzed eluate (Fraction 5) was purified further by chro- 


1 All subsequent references to buffers are intended to imply 
that such solutions are 0.005 Mm with respect to mereaptoethanol. 
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Fic. 1. Enzyme activity as a function of time (——) and of 
protein concentration (-- --- ). 


TABLE I 
Summary of purification 
Ratio* 
Treatment | | Protein Specie | DPNH: 
ml | units m — 

1 | Extract 52 | 469 | 1040 0.4 18 
2 | Protamine 70 | 420 | 728 0.6 23 
3 | Ammonium sulfate 13 | 345 | 325 1.1 25 
4 Acetone 7 | 408 143 2.9 37 
5 | Gel eluates 28 | 387 69 5.6 28 
6 | DEAE eluatest 47 | 258 10.8 | 24.0 19 


* Activity with both nucleotides was followed at pH 7.8 under 
standard conditions. 

t The results obtained with the DEAE eluate are multiplied 
by a factor of 2 since only half of Fraction 5 was subjected to 
chromatography. Of the 194 units actually used, 171 units were 
recovered although only 129 units were of sufficiently high specific 
activity to be used for Fraction 6. 


matography on a DEAE-cellulose? column; half of Fraction 6 
was used in this instance. The preparation of the column and 
the solvent system employed represent a simplification of the 
method of Peterson and Sober (3) and has been described pre- 
viously (4, 5). Elution of the column was carried out with 0.03 
m Tris buffer at pH 7.3 containing 0.05 g of DPN per liter and 
the usual supplement of mercaptoethanol. The enzyme appeared 
in the eluate after 200 ml had passed through the column. Those 
fractions containing the highest specific activity were combined 
and were stored at —15° (Fraction 6). 

This procedure consistently yielded preparations with a specific 


2 The abbreviations used are: DEAE-cellulose, N,N-diethyl- 
aminoethylcellulose; EDTA, the potassium salt of ethylenedia- 
minetetraacetic acid. 
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activity of between 20 and 30. The specific activity of the best 
fraction obtained from a dozen trials was 30 and represented a 
purification of 300-fold over the initial, centrifuged, cell-free ex- 
tract. The results of the purification obtained with the prepara- 
tion described here are summarized in Table I. 


PROPERTIES OF ENZYME 


Purified preparations of the enzyme were eluted from DEAE- 
cellulose columns as a single peak. Recombination experiments 
with fractions distal to the peak or with fractions not containing 
activity yielded only the sum of the individual activities of each 
eluate. When assayed under standard conditions, no lag in 
DPNH formation was evident. 

The preparations were free of aldehyde dehydrogenase (6), 
phosphotransacetylase (7), CoA-linked aldehyde dehydrogenase 
(8) and DPNH-oxidase activity. 

Substrates—Under the conditions of the standard assay pro- 
cedure the enzyme seemed to be specific for malonic semialdehyde 
oxidation. A variety of aliphatic and aromatic aldehydes in- 
cluding acetaldehyde, succinic semialdehyde, and glutamic semi- 
aldehyde did not give rise to the formation of DPNH or TPNH. 
The optimal malonic semialdehyde concentration, using standard 
concentrations of the other components, was found to be 5 x 10~ 
M; half of maximal activity was obtained with 3 « 10-5 m malonic 
semialdehyde (Fig. 2). 

Either DPN or TPN could serve as the pyridine nucleotides 
in these preparations but their relative efficacy as hydrogen ac- 
ceptors was not constant. Thus, although ratios of 18 and 19 
(DPN:TPN) were obtained for the cell-free extract and the com- 
bined DEAE-cellulose eluates, respectively, the intermediate 
fractions produced ratios as high as 37 (Table I). Individual 
fractions eluted from DEAE-cellulose columns had ratios varying 
between 18 and 20. The DPN concentration yielding half of 
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Fic. 2. Enzyme activity as a function of concentration of each 
of the substrates: malonic semialdehyde (O); CoA (@); DPN 
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maximal activity employing standard concentrations of the other 
components was 2 X 10-4 m (Fig. 2). 

The reaction requires CoA; pantetheine or glutathione will not 
substitute. At a CoA concentration of 1 x 10-4 m, half the 
maximal rate of activity was obtained using standard concen- 
trations of each of the other components (Fig. 2). 

Identification of Products—Evidence for acetyl-CoA as a prod- 
uct of the reaction rests upon the isolation of a thiol ester, the 
formation of the hydroxamate of the thiol ester and its chro- 
matographic identification as acetyl hydroxamic acid, and the 
arsenolysis of the reaction product in the presence of phospho- 
transacetylase. No hydroxamic acid is found in the absence of 
pyridine nucleotide. 

For the isolation of the oxidation product of malonic semialde- 
hyde the following were incubated at 30°: Tris at pH 8.0, 150 
pmoles; DPN, 6.2 umoles; mercaptoethanol, 5 wmoles; and en- 
zyme. CoA, 0.3 umoles, was added at 8-minute intervals until 
a total of 4.2 umoles had been included. Malonic semialdehyde, 
0.06 umoles, was added at 2-minute intervals until a total of 13 
pmoles had been included. The final volume was 1 ml. After 
this incubation period, the reaction mixture was adjusted to pH 
5.0 with N hydrochloric acid and heated for 2 minutes at 100°. 
A slight precipitate was removed by centrifugation and the super- 
natant fluid was taken to dryness in a vacuum at approximately 
50°. The residue was dissolved in 0.3 ml of water, adjusted to 
pH 4.5, and streaked on Whatman No. 1 paper. After develop- 
ment with a solvent system composed of ethanol-0.1 N sodium 
acetate at pH 4.5 (1:1 by volume), sample strips of the chro- 
matogram were treated with nitroprusside reagent and meth- 
anolic sodium hydroxide (9). After the alkali treatment, neces- 
sary for the hydrolysis of the thiol ester, red spots were seen in 
two areas. The Rr values were 0.55 and 0.68 and should be 
compared with those of acetyl-CoA (0.56 and 0.69) and malonyl- 
mono-CoA (0.58 and 0.71). Stadtman (9) had previously shown 
that some pure thiol esters form two distinct entities during paper 
chromatography. The thiol ester bands were eluted from the 
paper with water and were treated separately. The eluate (0.5 
ml) collected from each strip was treated with 0.1 ml 2 m hy- 
droxylamine adjusted to pH 7.0 for 30 minutes. Each sample 
was then allowed to pass through a column (1 by 4 cm.) of Dowex 
50 (hydrogen form) the resin was washed twice with 4 ml of water, 
and the effluent was evaporated to dryness. The samples were 
suspended in 1 ml of absolute ethanol, centrifuged, and the al- 
cohol elution procedure was repeated. The combined ethanol 
eluates were chromatographed on Whatman No. 1 paper using 
pyridine-isoamyl alcohol-water (30:40:19, volume basis) as the 
solvent (10). When the papers were sprayed with the ferric 
chloride reagent of Lipmann and Tuttle (11) one spot appeared 
for the unknown at an Ry of 0.62 (acetyl hydroxamate, 0.60; 
propionyl hydroxamate, 0.74; malonyl monohydroxamate, 0.13). 
Both thiol ester bands gave rise to the same hydroxamic acid. 

Similar experiments were performed using enzyme Fractions 
1, 4, and 6 with identical results, 7.e. in each instance the thiol 
ester formed during the incubation yielded only one hydroxamic 
acid which cochromatographed with authentic acetyl hydroxamic 
acid (Fig. 3). 

When malonyl-CoA (2.0 wmoles) was incubated in the identi- 
cal reaction mixture in the absence of malonic semialdehyde and 
the products treated as described above, malonyl monohydrox- 
amic acid was recovered at an Rp of 0.14 (synthetic malonyl 
monohydroxamic acid, 0.13). When malonyl-CoA (2.0 umoles) 
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Fic. 3. Enzyme activity as a function of pH with DPN (——) 
and TPN (----- ) as the pyridine nucleotide, respectively. Buffers: 
phosphate (@); Tris (O). 


was incubated in the reaction system which included malonic 
semialdehyde, two hydroxamates were isolated at positions cor- 
responding to acetyl and malonyl monohydroxamic acid. In 
one experiment the thiol ester eluted from the chromatogram was 
incubated in the presence of arsenate and an excess of phospho- 
transacetylase in the manner used by Stadtman et al. (7). After 
20 minutes of incubation, all of the original hydroxamic acid 
reacting compound (1 umole) was arsenolyzed. Malonyl mono- 
CoA was not arsenolyzed in this system. 

It was concluded that the product of the reaction was acetyl- 
CoA and that malonyl-CoA was inactive in this system. 

Stoichiometry—The stoichiometry implied by Reaction 1 was 
verified experimentally and is summarized in Table II. For 
each mole of malonic semialdehyde used, 1 mole each of DPNH, 
CO:2, and a hydroxamic acid were formed. When DPN was 
the limiting reactant (Experiment 1 of Table II) the reaction 
proceeded to completion. However, with malonic semialdehyde 
as the limiting reactant, a compound yielding color in the 2,4- 
dinitrophenylhydrazine assay for malonic semialdehyde re- 
mained in the incubation mixture. It was thought that the re- 
maining carbonyl-reacting material is a polymer which under 
conditions of the assay allows the formation of a hydrazone. 
This idea is supported by the finding that freshly prepared solu- 
tions of malonic semialdehyde contained approximately 60% of 
enzyme reactive compound and that this percentage decreases 
rapidly on storage. Furthermore, Goldfine® has recently shown 
that fresh solutions of the aldehyde, assayed by use of either 
aniline citrate or p-nitroanaline (12) yielded values for malonic 
semialdehyde approximately 60 per cent of those obtained by 
the phenyl hydrazone method. 

It appeared that Reaction 1 proceeded to completion in the 
direction of acetyl-CoA formation. Attempts to reverse the re- 
action were unsuccessful using acetyl-CoA, DPNH, and bicar- 
bonate at various pH values, in the presence of five million ¢.p.m. 
of C™ bicarbonate and in the presence and absence of malonyl- 


3 Personal communication from Dr. Howard Goldfine. 
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TABLE II 
Stoichiometry 


Experiments 1 and 2 were performed in a spectrophotometer 
and involved a total volume of 1.0 ml containing enzyme, 50 
zmoles of Tris at pH 8.0, 5 wmoles of mercaptoethanol, and 0.3 
pmoles of CoA. Each experiment was terminated when no in- 
crease in 340 muy absorbancy was noted, a period of less than 15 
minutes. 

Experiments 3 to 5 were performed in Warburg manometric 
vessels employing conventional techniques. For the determina- 
tion of hydroxamic acid and aldehyde, a separate flask, identical 
in every way to those used for measuring gas exchange, was in- 
cluded. This latter flask allowed these determinations before the 
final reading for gas evolution. Carbon dioxide was determined 
by the two flask method, the reaction being terminated by the 
addition of sufficient 0.2 N sulfuric acid to achieve a final pH of 4. 
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* Malonic semialdehyde was generated in situ by acetylene- 
monocarboxylic acid hydrase (2) and 4 uwmoles of the potassium 
salt of acetylenemonocarboxylic acid. 
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_ Fia. 4. Time course of the activation of enzyme in the presence 
of 0.001 m DPN, 0.005 m mercaptoethanol, and 0.05 m potassium 
phosphate at pH 7.0. The activation period was followed by 4 
minutes of preincubation with DPN, CoA, and mercaptoethanol 
(O). In two cases activity was assayed without preincubation 


(@). 


CoA, and DPNH. Results have been uniformly negative in 
that no evidence for reversal was obtained. 

pH and Stability—The optimal pH for enzyme activity was 
8.0 with DPN and 7.0 with TPN (Fig. 4). The enzyme remained 
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Fia. 5. Effect of 4 minutes of preincubation with various sup- 
plements. At the end of the preincubation period the other com- 
ponents of the assay system were added to initiate the reaction. 
The concentration of each of the;components is the same as in the 
standard assay system. A, DPN, CoA and EDTA. B, DPN 
and CoA. C, DPN and EDTA. D, CoA and malonic semialde- 
hyde. E, Malonic semialdehyde. F, CoA. 


active when stored overnight in the presence of 1 X 10-4m DPN 
and 5 X 10-* m mercaptoethanol at 2°. 

Activity was irreversibly lost when neither compound was 
added before storage but preparations stored in the presence of 
a mercaptan without DPN could be reactivated by incubation 
for 24 hours with 0.001 m DPN (Fig. 5). TPN also activated 
these preparations. In one experiment a 116 and a 68% in- 
crease was obtained when a preparation was activated by DPN 
and TPN, respectively. When enzyme activity was followed by 
the reduction of TPN, activation by DPN and TPN was 190 
and 240%, respectively. 

The enzyme was completely stable to overnight dialysis against 
100 volumes of 0.05 m Tris at pH 7.2 containing 0.005 m mer- 
captoethanol and 0.001 m DPN. 

Preincubation—Preparations activated in the presence of a 
mercaptan and DPN required further preincubation with CoA 
and DPN before the addition of substrate (Fig. 5). Preincuba- 
tion differed from the activation requirement in that both CoA 
and DPN were necessary and that optimal activity was obtained 
after only 4 minutes of contact with the enzyme. Preparations 
obtained by ammonium sulfate fractionation as well as Fractions 
1 and 2 were stimulated by the addition of EDTA (Fig. 5). After 
dialysis of such fractions, EDTA was without effect. 

Inhibition—With the use of the standard assay system, 
malonyl mono-CoA at a concentration of 1 x 10-* m did not 
inhibit the formation of DPNH or of TPNH. In common with 
other aldehyde oxidation systems (13) potassium arsenite in- 
hibited this enzyme; 50% inhibition was obtained at an arsenite 
concentration of 2 x 10-4m. Potassium arsenate (1 x 10-* M) 
did not inhibit. 

It was noted that the rate of DPNH formation decreased as 
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the reaction progressed. Further investigation revealed that 
one of the products, DPNH, was inhibitory, 50% inhibition being 
obtained at a DPNH concentration of 1 x 10-*m. Acetyl-CoA 
(1 X 10-* mM) was without effect. Malonyl-CoA and acetalde- 
hyde, each at a concentration of 1 X 10-* M, were not inhibitory. 


DISCUSSION 


Several mechanisms may be offered for acetyl-CoA formation 
from malonic semialdehyde, each of which is in accord with the 
stoichiometry summarized by Reaction 1. An obvious possi- 
bility is the sequential action of a CoA-linked aldehyde dehy- 
drogenase similar to that described by Burton and Stadtman (8) 
(Reaction 2) and the malonyl-CoA decarboxylation system 
studied by Hayaishi (14) (Reaction 3). Here malonyl-CoA 
would be an intermediate. An alternative hypothesis is sum- 
marized by Reactions 4 and 5. In the latter sequence, the in- 
termediate produced by decarboxylation of malonic semialde- 
hyde would be acetaldehyde (Reaction 4) which could, in turn, 
be oxidized by the CoA-linked aldehyde dehydrogenase (8) (Re- 
action 2). Both schemes seem excluded since enzymes catalyz- 
ing Reactions 2, 3 and 4 were absent in the purified preparation 
and the expected key intermediates, malonyl mono-CoA and 
acetaldehyde, respectively, were inactive. 


HOOCCH:CHO + CoASH + DPN*+ = 


HOOCCH:COSCoA + DPNH + H* 

H OOCCH:COSCoA — CH;COSCoA + CO: (3) 

HOOCC H:CHO — CH;CHO + CO: (4) 

CH;CHO + CoASH + DPN*+ = (5) 


CH;COSCoA + DPNH + Ht 


The suggestion is therefore offered that Reaction 1 is catalyzed 
by a single enzyme and that any intermediates involved do not 
occur in the free state. -The data are consistent with this in- 
terpretation, although the preparations used here do not by any 
means represent pure enzyme. 

It was not possible to reach a conclusion with regard to the 


pyridine nucleotide specificity of the system. With either DPN’ 
or TPN, identical products were obtained and, in neither in-. 


stance were malonyl-CoA or acetaldehyde active as a free in- 
termediate. However, there are clear differences in pH optima 
as well as a variation of the ratio of DPN to TPN activity with 
different fractions. The last point of differentiation is not 
strongly emphasized since the activation of enzyme appears to be 
a complex situation and might explain the variation in relative 
activity. It is becoming clear that the dehydrogenases oxidizing 
aldehydes have certain features in common. Characteristic of 
each enzyme tested is the sensitivity to arsenite which has been 
interpreted as indicating the involvement of closely juxtaposed 
protein sulfhydryl groups on the enzyme protein (13). Another 
inhibition situation is that caused by the aldehyde substrate it- 
self. The latter has been documented for a variety of aldehyde 
dehydrogenases‘ as well as for the enzyme described here. This 


‘ Fach of the aldehyde dehydrogenases previously surveyed for 
arsenite sensitivity (13) was inhibited by increasing concentra- 
tions of aldehyde. To that list may be added the aldehyde de- 
hydrogenase (15) from Acetobacter suborydans (personal communi- 
cation from Dr. T. E. King) as well as three succinic semialdehyde 
dehydrogenases (16, 17). The one succinic semialdehyde dehy- 
drogenase (16) which was examined for sensitivity to a variety of 
aldehydes was found to be inhibited only by its specific substrate. 
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statement may be rephrased to emphasize that the cofactors, 
e.g. inorganic phosphate or cosubstrates, e.g. DPN and CoA, of 
the aldehyde dehydrogenases have to be attached to a position 
on the enzyme surface before engagement of the aldehyde. In- 
deed, it has been shown that for maximal initial rates, the phos- 
phate-requiring aldehyde dehydrogenase (16), succinic semialde- 
hyde dehydrogenase (16), and malonic semialdehyde oxidative 
decarboxylase (Fig. 5) require preincubation with phosphate and 
DPN, TPN, and DPN and CoA, respectively. Since many in- 
vestigators have found that pyridine nucleotides protect against 
inhibition by sulfhydryl reagents (cf. 18), particularly as this ap- 
plies to aldehyde oxidation (18, 19) it is tempting to equate these 
two sites and to conclude that aldehydes are inhibitory by virtue 
of hemimercaptal formation with the same sulfhydryl groups 
otherwise occupied by the cosubstrates. 


MATERIALS AND METHODS 


The acetal of malonic semialdehyde ethyl ester, a gift from 
Dr. W. G. Robinson and Dr. M. J. Coon, was used for the prep- 
aration of malonic semialdehyde. The former compound, 0.02 
ml, was suspended in 1 ml of 0.5 n KOH and shaken vigorously 
for 45 minutes at room temperature. The solution was cooled 
in an ice bath and 1.0 ml of 5 N H2SO, was slowly added. The 
acid solution was allowed to incubate at room temperature for 
90 minutes and then adjusted to pH 5.0 with2 nKOH. Malonic 
semialdehyde solutions were always freshly prepared before use 
and were assayed enzymatically. Unless otherwise specified, all 
concentrations noted for this compound refer to those obtained 
by enzymatic assay. 

The following gifts are gratefully acknowledged: malonyl-CoA, 
Dr. P. R. Vagelos*; glutamic semialdehyde, Dr. H. Vogel; phos- 


-photransacetylase, Dr. E. R. Stadtman. 


Protein was determined by the method of Lowry et al. (20) 
using crystalline bovine serum albumen as a standard. When 
assaying DEAE-cellulose eluates for protein, appropriate cor- 
rections were made for the chromogen due to Tris buffer. 


SUMMARY 


An enzyme, isolated from a strain of Pseudomonas fluorescens, 
malonic semialdehyde oxidative decarboxylase, catalyzes the 
formation of equimolar quantities of acetyl-CoA, CO: and re- 
duced pyridine nucleotide from malonic semialdehyde, CoA and 
oxidized pyridine nucleotide. Malonyl-CoA and acetaldehyde 
are not intermediates in the reaction. No separation of any 
component reactions was attained. The suggestion is made that 
the reaction is catalyzed by a single enzyme. 


REFERENCES 

1. Jakosy, W. B., anp YAmapa, E. W., Biochim. Biophys. Acta, 
34, 276 (1959). 

2. YAMADA, E. W., anp Jakosy, W. B., J. Biol. Chem., 234, 941 
(1959). 

3. Peterson, E. A., AND Soper, H. A., J. Am. Chem. Soc., 78, 
756 (1956). 

4. YamapDa, E. W., ano Jakxosy, W. B., J. Biol. Chem., 233, 706 
(1958). 

5. Jakosy, W. B., ANp FrepeERIcks, J., J. Biol. Chem., 234, 2145 
(1959). 

6. Jaxosy, W. B., J. Biol. Chem., 232, 75 (1958). 

7. StapTMAN, E. R., Noverui, G. D., aNp Lipmann, F., J. Biol. 


Chem., 191, 365 (1951). 


5 Methods of synthesis and identification of malonyl-CoA are 
being prepared for publication by Dr. Vagelos. 


- 
> 
} 


8. Burton, R. M., anp Staprman, E. R., J. Biol. Chem., 202, 
873 (1953). 
9. Staptman, E. R., In S. P. anp N. O. KAPLAN, 
(Editors), Methods in enzymology, Academic Press, Inc., 
New York, 1957, p. 931. 
10. VaceLos, P. R., J. Am. Chem. Soc., 81, 4119 (1959). 
11. LipMann, F., anp TuTT Le, L. C., J. Biol. Chem., 159, 21 (1945). 
12. WaLKER, P. G., Biochem. J., 68, 699 (1954). 
13. Jakosy, W. B., J. Biol. Chem., 232, 89 (1958). 
14. Hayaisui, O., J. Biol. Chem., 215, 125 (1955). 


594 Malonic Semialdehyde Oxidative Decarboxylase Vol. 235, No. 3 


15. Kine, T. E., anp CHELDELIN, V. H., J. Biol. Chem., 220, 177 
(1956). 

16. Jakosy, W. B., anv Scort, E. M., J. Biol. Chem., 234, 937 
(1959). 

17. NIRENBERG, M., anv Jaxosy, W. B., J. Biol. Chem., 235, in 
press (1960). 

18. Racker, E., Physiol. Rev., 35, 1 (1955). 

19. Sroprpani, A. O. M., anp MiLsTEINn, C., Biochem. J., 67, 406 
(1957). 

20. Lowry, O. H., Rosesrovau, N. F., Farr, A. L., anp Ran- 
DALL, R. J., J. Biol. Chem., 198, 265 (1951). 


Fr 


fror 
able 
vol 
and 
in 
and 
in t 
into 
olist 
of i 
the 
conc 
iron 
cula 
(7) } 
inco 
Ri 
iron 
ferri 
depe 
for 
ascol 
mecl 
acid 
Ra 

or se 
batec 
its us 
activ 
blood 
The 
ment: 
iron | 
mal ¢ 
In all 
active 
capac 
Fen 
200 g 
liver 
liver \ 
* Su 
of He: 


Tue JOURNAL OF BIoLoGicaL CHEMISTRY 
Vol. 235, No. 3, March 1960 
Printed in U.S.A. 


Mechanism of Plasma Iron Incorporation 
into Hepatic Ferritin* 


ABRAHAM Mazus, SAUL GREEN, AND A. CARLETON 


From the Department of Medicine, Cornell University Medical College and The New York Hospital, New York, New York 


(Received for publication, September 22, 1959) 


Except for recent studies concerned with the release of iron 
from hepatic ferritin (1, 2), little experimental evidence is avail- 
able bearing on the identity of the biochemical mechanisms in- 
volved in the transport of iron in the animal organism. Nishida 
and Labbe (3, 4) have demonstrated the presence of an enzyme 
in liver which is required for the incorporation of iron into heme, 
and Jandl et al. (5) have shown a need for oxidative metabolism 
in the reticulocyte for the incorporation of plasma-bound iron 
into hemoglobin. Saltman et al. (6) found that oxidative metab- 
olism of the liver cell was not concerned with the incorporation 
of iron into that organ. However, in the latter studies, iron in 
the form of ferric ammonium citrate was used at rather high 
concentrations instead of the physiological form of plasma-bound 
iron wkich is present in much lower concentrations in the cir- 
culation. From results of in vitro studies, Loewus and Fineberg 
(7) have suggested the specific need for ascorbic acid during the 
incorporation of iron, as ferric ammonium citrate, into ferritin. 

Results of the present study demonstrate that the release of 
iron from its linkage to the plasma iron-binding protein, trans- 
ferrin, and its subsequent incorporation into hepatic ferritin, is 
dependent on oxidative metabolism of the liver cell, specifically 
for the continued synthesis of ATP. In addition to ATP, 
ascorbic acid is also required for the incorporation reaction. <A 
mechanism is suggested to explain the roles of ATP and ascorbic 
acid in this reaction. 


EXPERIMENTAL 


Radioactive iron bound to the iron-binding protein of plasma 
or serum was prepared in two ways. Fet+*® citrate was incu- 
bated with rat plasma at room temperature for 30 minutes before 
itsuse. This form of iron will be called “plasma Fe®.” Radio- 
active iron salts were injected intraperitoneally into a rat and 
blood withdrawn from the abdominal aorta after 30 minutes. 
The serum separated from this blood was used for most experi- 
ments in order to make quite certain that we were dealing with 
iron bound firmly to plasma transferrin, as it exists in the nor- 
mal circulation. This type of iron will be called “serum Fe®*’.” 
In all cases the quantity of chemical iron, in the form of radio- 
active iron, was too small to influence the normal iron-binding 
capacity of the serum. 

Female rats of the Carworth-Nelson strain, weighing 150 to 
200 g were used throughout. Ferritin was isolated from rat 
liver slices after homogenization of 1.0 g wet weight aliquots of 
liver with 7 ml of cold Ringer-phosphate solution, heating of the 


* Supported by a Grant No. A-1655 from the National Institutes 
of Health, United States Public Health Service. 


homogenate, with careful stirring, to 70°, and clarification of the 
cooled extract by centrifugation. The insoluble residue was ex- 
tracted once with 4 ml of the salt solution and the pooled extracts 
mixed with excess rabbit antihorse spleen ferritin serum. The 
mixture was incubated for one hour at 37° or until flocculation of 
the antigen-antibody complex occurred. If time was not imme- 
diately available, the mixture was allowed to stand in the refriger- 
ator overnight. The ferritin-antibody precipitate was recovered 
by centrifugation and washed 3 times with 10 ml of saline. It 
was then counted in a well-scintillation detector and analyzed 
for total chemical iron. In a separate experiment it was found 
that recrystallized rat liver ferritin could be quantitatively pre- 
cipitated from solution by addition of suitable quantities of 
antihorse ferritin serum. Since the preparation of crystalline rat 
liver ferritin in quantities adequate for antiserum production is 
extremely costly, rabbit antiserum to crystalline horse spleen 
ferritin (8) was used throughout. 

Radioactive iron was obtained from the Abbott Laboratories, 
Chicago, nucleotide phosphates from Sigma Chemical Company, 
St. Louis, and Schwarz Laboratories, Mt. Vernon. DEAE cellu- 
lose, type 20, was obtained from Brown Company, Berlin, New 
Hampshire. Purified ascorbic acid oxidase was a gift from Dr. 
C. A. Dawson and Miss Jean Dayan of Columbia University. 

Distribution of Plasma Fe** in Rat—Rats were injected intra- 
venously with Fe®-labeled rat plasma in an attempt to deter- 
mine the quantity of plasma-bound iron which is directed to the 
liver under normal circumstances. Previous determinations of 
the rate of incorporation into liver or liver ferritin of plasma iron 
have been reported using the guinea pig (9), mouse (10), and rat 
(11). In the latter experiments the iron was injected intraperi- 
toneally or intravenously and, where rats were used, the animals 
were fed or injected with abnormally large quantities of chemical 
iron in order to stimulate ferritin synthesis. In the present ex- 
periments, insignificant quantities of chemical iron were injected. 
Four to six animals were killed at varying time intervals and 
pooled specimens of washed red cells, plasma, perfused liver and 
liver ferritin analyzed for radioactivity. The results in Table I 
show that the liver had taken up a maximal quantity of circulat- 
ing Fe®® after two days, amounting to 20% of the injected dose. 
One-half of the Fe® in the liver was present as ferritin. From 
values obtained for the 13th day, it may be concluded that the 
remainder of injected Fe*’, some 80%, had been taken up by the 
bone marrow for incorporation into red cells. The specific ac- 
tivity of ferritin iron remained fairly constant from the 2nd to 
4th day, but dropped to lower values by the 13th day. These 
results demonstrate that the liver and its ferritin account for a 
substantial proportion of the iron which is removed normally 
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TABLE I 
Distribution of plasma-Fe*®® in rat 


Each rat was injected with a pre-incubated mixture of rat 
plasma and Fe®*®, as ferrous citrate, equivalent to less than 0. 2 ug 


of chemical iron, containing 100,000 c.p.m. Fe®9. 


Plasma Iron Incorporation into Ferritin 


Injected Fein Specie activity 
Red cell 
ce 
Red cells* | Plasma* | Liver 

% % % % c.p.m./pg Fe 
2 hr 3.6 43.4 8.9 3.9 0.6 13.3 
5 hr 4.6 13.4 14.3 5.8 0.7 16.8 
24 hr 34.4 1.4 15.0 6.4 5.4 22.3 
2 days 48.4 1.4 19.3 9.5 8.3 26.2 
3 days 64.0 1.5 15.2 7.0 11.1 21.9 
4 days 73.6 2.4 15.2 7.5 12.1 22.4 
13 days 74.4 6.1 12.4 7.5 12.6 15.9 


* Values for total red cells and plasma are based on the assump- 
tion of a blood volume equal to 8% of body weight. 

t Values calculated from concentrations of erythrocyte iron 
and hemoglobin. 


TABLE II 
Incorporation of plasma Fe*® into ferritin fractions 
Each rat was injected with plasma-bound Fe®® as for Table I. 


Time Top Intermediate; | Intermediates Bottom 
1 hr 7.4/1} 2.9 4.5 | 2.8 3.0 | 2.6 1.5 | 1.8 
4hr 31.2} 6.1 | 25.3 | 9.0 | 14.0| 5.6 6.7 | 4.3 
24 hr 14.8; 3.7 | 14.5) 4.9 | 14.0] 8.0 | 10.8! 9.3 
8 days 6.4 | 1.2 7.4] 1.2 8.1 | 3.7 8.6 | 6.4 
15 days 6.0 | 1.2 6.1 | 2.4 6.6 | 3.3 6.4 5.1 


from the plasma. They also show a continuous movement of 
plasma iron to and from hepatic ferritin in the normal animal. 
Incorporation of Plasma Iron into Ferritin Fractions in Vivo— 
Fineberg and Greenberg (12) have shown that C'-glycine in- 
corporated into hepatic ferritin at the earliest time interval after 
its injection, appears to the greatest extent in that portion of the 
ferritin molecular mixture which is rich in apoferritin and low 
in iron content. Rothen (13) had shown that a solution of 
crystalline ferritin could be separated by high speed centrifuga- 
tion into fractions with varying ratios of iron: nitrogen; the upper 
layer of the solution contained molecules with the slowest sedi- 
mentation rate which were essentially free of iron. The remain- 
ing solution contained molecules in an aggregated state with 
increasing iron:nitrogen ratios, as their relative sedimentation 
rates increased. Differential high speed centrifugation in the 
Model L Spinco enables one to separate such fractions (14). 
In the experiments of Fineberg and Greenberg (12), this tech- 
nique was utilized to demonstrate that apoferritin was formed 
first and that iron was incorporated later to form ferritin. In 
the present study a similar technique was used to separate four 
arbitrary fractions of rat ferritin at various time intervals after 
the intravenous injection of plasma Fe*. Livers from 6 to 10 
rats, for each time interval, were pooled, homogenized with 
Ringer-phosphate solution and the ,homogenate heated to 70°. 
Ammonium sulfate was added to the clear extract obtained after 
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centrifugation of the cooled mixture until the solution was 0,5 
saturated with the salt. The insoluble material was separated by 
centrifugation, dissolved in water, and reprecipitated at 0.5 satu. 
ration with ammonium sulfate. This process was repeated. 
The final precipitate was dissolved in a small quantity of water 
and dialyzed free of ammonium sulfate against 0.05 m phosphate 
buffer, pH 7.4, containing 0.15 mole per liter of NaCl. The 
resulting solution was then subjected to differential high speed 
centrifugation yielding four fractions. In Table II these are 
called top, intermediate,, intermediates, and bottom. Aliquots 
of each of these fractions were mixed with an excess of antiferritin 
serum and the washed specific precipitates analyzed for radio- 
activity, total iron, and total nitrogen. Table II lists the results 
expressed in two ways: as specific activity of ferritin iron (counts 
per minute per yg of ferritin iron) and as counts per minute per 
ug of total nitrogen in the antigen-antibody precipitate. The 
latter is an index of the degree of association of radioactive iron 
with ferritin protein since the quantity of total nitrogen in the 
ferritin-antibody precipitate varies directly with the quantity of 
ferritin protein in that precipitate (8). The data obtained from 
this experiment, although they demonstrate a higher rate of 
incorporation of plasma iron into the top “apoferritin-rich”’ frac- 
tion than into the bottom “iron-rich” fraction, do indicate that, 
even as early as 1 hour after injection of Fe®®, this iron has be- 
come associated to an appreciable extent with the highly aggre- 
gated iron-rich bottom fraction. By the 8th day the bottom 
fraction contained more than 5 times the quantity of Fe*® per 
ug of protein N than that of the top fraction. The data, ex- 
pressed as specific activity of ferritin iron, illustrate the move- 
ment of radioactive iron with time from the top to the bottom 
fraction until by the 15th day all fractions have almost identical 
specific activities. These results suggest that the sites for iron 
incorporation are probably present in ferritin as well as in apofer- 
ritin molecules. 

Incorporation of Plasma Iron into Liver Slices and Ferritin— 
Jandl et al. (5) have demonstrated that the incorporation of 
plasma-bound iron into reticulocytes is dependent on oxidative 
metabolism and that the rate for reticulocytes is much greater 
than that which occurs with liver slices. They also demonstrated 
that the state of saturation of the plasma iron-binding protein 
determines the availability of this iron for transfer to the liver; 
the more highly saturated the plasma globulin, the greater the 
extent of iron transfer. These results suggest that iron added 
to plasma iron-binding protein to the limits of its binding capac- 
ity is not held as tightly by this protein as is iron associated with 
an unsaturated iron-binding plasma protein, and therefore be- 
haves more like ionic iron. Saltman et al. (6) studied the trans- 
fer of iron into rat liver slices using ionic iron in relatively large 
quantities (90 ug per 100 mg wet weight of liver) and observed 
a relatively large uptake of iron into liver slices incubated in a 
nitrogen atmosphere, concluding that oxidative energy was not 
required for the transfer. 

Since our experiments in vivo had shown a relatively slow nor- 
mal rate of transport of plasma iron to the liver as compared 
with bone marrow, experiments were performed with liver slices 
incubated in a Krebs-bicarbonate medium containing Fe bound 
to normal rat plasma. In addition to measurement of radio- 
activity associated with the well washed slices, ferritin was iso- 
lated from an aliquot of such slices and assayed for Fe® and total 
chemical iron. Table III shows clearly a marked inhibition of 
plasma iron incorporation into ferritin of liver slices when these 
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are incubated in an atmosphere of nitrogen. In contrast to this 
effect, anaerobiosis did not inhibit the uptake of Fe*® by the total 
liver; indeed, there was some increase above that obtained with 
slices incubated aerobically. Analyses for chemical iron of 
ferritin isolated from slices incubated anaerobically demonstrated 
a progressive loss of ferritin iron as compared with that from 
aerobic slices. These results are in confirmation of our earlier 
studies (1, 2) of the mechanism of stimulation of ferritin iron 
release by liver slices at low oxygen tensions. Despite the loss 
of ferritin iron due to anaerobic conditions shown in Table III, 
calculation of specific activities of ferritin iron isolated from these 
slices shows a marked inhibition of plasma iron incorporation into 
ferritin in the absence of oxygen. 

Table IV shows the stimulation of plasma iron incorporation 
into rat liver slices produced by addition to the medium of a 
variety of substrates for oxidative enzymes. The values reported 
are compared with those obtained for slices incubated in a sub- 
strate-free medium, whose total liver Fe®® content and ferritin 
iron specific activities were adjusted to 1.0. All substrates were 
present in the form of neutralized solutions at a final concentra- 
tion of 0.01 m and aerobic incubation terminated at the end of 
one hour. Acids of the Krebs cycle or compounds which can be 
converted to such acids were found to be stimulatory. Citric 
acid was most effective, whereas glucose or B-hydroxybutyric 
acid were without effect. These results confirm the need for 
oxidative metabolism during the incorporation of plasma iron 
into liver ferritin and are quite unlike those obtained by Saltman 
et al. (6) who used ionic iron and found that compounds such as 
citric acid were inhibitory to the incorporation of iron into the 
liver presumably by forming an undissociable complex with ionic 
iron and making such iron unavailable for incorporation into the 
liver cell. 

Table IV also lists the effect of addition of various inhibitors 
to the medium, all at a final concentration of 5 X 10-3 m._ In- 
hibition by these compounds strongly suggests the need for par- 
ticipation of intact metabolizing cells during the incorporation of 
iron bound to the iron-binding protein of plasma into ferritin. 

In order to resolve several of the differences in results obtained 
with plasma-bound iron as compared with that reported for ionic 
iron, liver slices were incubated with radioactive iron bound to 
plasma and in separate flasks with an equivalent amount of radio- 
active iron in ionic form. Table V shows clearly that ionic iron 
is incorporated into the liver cell as well as into ferritin to an 
extent 7 times as great as an equivalent amount of plasma-bound 
iron. However, whereas anaerobic conditions do not decrease 
incorporation of either form of iron into the total liver cell, inhi- 
bition of incorporation into ferritin takes place only if plasma- 
bound iron is used. Further differences in incorporation into 
ferritin between ionic and plasma iron are noted when inhibitors 
are added to the aerobic incubation mixtures. Whereas iodo- 
acetamide, a general sulfhydryl alkylating agent, inhibits the 
incorporation of either form of iron to the same extent, arsenite 
is more inhibitory when plasma iron is used, and dinitrocresol 
inhibits only the incorporation of plasma iron into ferritin of liver 
slices. 

These results suggest that some aspect of oxidative metabolism, 
possibly oxidative phosphorylation, because of the striking differ- 
ence in effects of dinitrocresol, is involved in the removal of iron 
from its normal linkage to the plasma iron-binding protein. The 
results also suggest that oxidative metabolism is not involved 
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TaBLeE III 
Incorporation of plasma Fe®® by liver slices 


Each incubation flask contained 2.0 g of pooled rat liver slices, 
10 ml of Krebs-Ringer-bicarbonate and 0.5 ml of diluted rat 
plasma tagged with 100,000 c.p.m. of Fe®®. Incubation was car- 
ried out at 37° in an atmosphere of 95% oxygen-5% carbon dioxide, 
or 95% nitrogen-5% carbon dioxide. The slices were washed 
three times with 50-ml portions of 0.9% sodium chloride solution 
before removal of aliquots of 0.5 g for counting and 1.0 g for ferritin 
isolation. 


Oxygen Nitrogen 
Time Radioactivity of Radioactivity of 
Ferritin Ferritin 
iron iron 
Liver Ferritin Liver Ferritin 
min c.p.m./g liver ug c.p.m./g liver ug 
30 602 211 88 705 32 72 
60 766 288 80 962 34 53 
90 862 473 82 1131 29 42 
120 1050 550 83 1231 38 31 
TABLE IV 


Effect of substrates and inhibitors on plasma Fe*® incorporation into 
liver slices 


Conditions the same as in Table III, using oxygen-carbon diox- 
ide. Control flasks contained no added substrate, and the Fe®?- 
content of the total liver as well as the specific activity of the fer- 
ritin obtained from this control liver are adjusted to values of 
1.0. Substrates were present at a final concentration of 0.01 m, 
whereas inhibitors were present at a final concentration of 5 X 1073 
M. 


Radioactivity in Radioactivity in 
Substrate Inhibitor 

Liver | Ferritin Liver | Ferritin 
Control......... 1.0 1.0 | Control.......}| 1.0 1.0 
2.1 4.6 | Iodoacetamide.; 1.2 0.1 
Oxalacetate..... 1.8 2.7 | N-Ethyl male- 
Malate.......... 1.5 2.7 0.1 
Fumarate....... 1.5 2.4 | Cyanide....... 0.2 
a-Ketoglutarate.| 1.1 1.8 | Arsenite....... 1.0 0.2 
Succinate....... 1.0 1.8 | Dinitrocresol..| 0.9 0.3 
Pyruvate....... 1.0 1.8 | Dinitrophenol.|; 0.8 0.5 
Aspartate....... 1.0 1.6 
Glutamate...... 1.0 1.2 
Glucose......... 1.0 1.0 
8-Hydroxybutyr- 

0.9 


once the iron is liberated from such a protein bond, in which 
state it passes into the liver cell unimpeded. 

Incorporation of Plasma Iron into Ferritin of Homogenates— 
Rat liver homogenates, prepared by use of a solution of 0.15 m 
KCl containing 0.64 mmole per liter of KHCOs, were incubated 
with plasma-bound Fe*® in an atmosphere of oxygen and the 
effect on iron incorporation into its ferritin noted when various 
compounds were added. Table VI demonstrates the stimulatory 
effect of nicotinamide, DPN and TPN. These results confirm 
the need of oxidative enzymes for the incorporation reaction. 
Nicotinamide probably protects DPN and TPN from destruction 
by intracellular enzymes (15, 16). The greatest enhancement 
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TABLE V 
Comparison of incorporation of ionic tron with plasma iron into 
liver slices 
Each flask contained 2.0 g of liver slices from a common pool 
together with 10 ml Krebs-Ringer-bicarbonate medium and 100,- 
000 c.p.m. of Fe®® and were incubated for one hour at 37°. The 
values listed in parentheses for the control flasks are c.p.m. per 
g of liver, adjusted to 1.0 for comparison with the experimental 
flasks. 


Ferric®? citrate Plasma-iron®® 
Additions 
Liver Ferritin Liver Ferritin 
Control.......} 1.0 (7020) | 1.0 (2874) | 1.0 (1070) | 1.0 (355) 
Nitrogen...... 1.1 1.2 1.4 0.2 
Iodoacetamide. 1.0 0.2 25 0.2 
Arsenite....... 1.6 0.6 1.0 0.3 
Dinitrocresol . . 1.3 1.1 | 1.0 0.3 
TaBLeE VI 


Incorporation of serum Fe*® into ferritin of liver homogenates 

Each flask contained the equivalent of 1.0 g wet weight of rat 
liverin the form of a homogenate prepared with0.15 m KC1-0.0006 m 
KHCO; and serum-bound Fe®® (50,000 c.p.m.). Flasks were in- 
cubated at 37° for 30 minutes in an atmosphere of 100% oxygen. 
Specific activites of ferritin iron of homogenates in the experi- 
mental flasks were compared with that isolated from the control 
flask which was adjusted to 1.0. 


Additions tivity of ferritin Be 

Nicotinamide (0.1 m).......................... 1.7 
Nicotinamide (0.1 m) + DPN (3.4 umoles)..... 2.0 
Nicotinamide (0.1 mM) + TPN (2.6 uwmoles)..... 4.0 
Nicotinamide (0.1 Mm) + F~ (0.1 M)............ 9.2 
Nicotinamide (0.1 m) + F- (0.1 m) + ATP (5 

10.1 
Nicotinamide (0.1 m) + F~ (0.1 mM) + ATP (10 

12.2 
Nicotinamide (0.1 m) + F- (0.1 m) + ATP (20 

14.9 


of plasma iron incorporation into ferritin occurred after the addi- 
tion of F- together with nicotinamide; an increase of 9-fold above 
that obtained with the unfortified homogenate. Since F- is 
known to protect ATP from hydrolysis by ATPase in homoge- 
nates (17), the effect of additional ATP was studied. The results 
demonstrated the effectiveness of added ATP and suggest that 
the homogenate was not saturated with ATP insofar as its action 
on the iron incorporation reaction is concerned. 

Fractionation of a rat liver homogenate prepared with 0.25 m 
sucrose by the method of Schneider (18) led to the finding (Table 
VII) that most of the system responsible for the incorporation 
of plasma iron is present in the clear supernatant solution. For 
this experiment an endogenous source of ferritin, horse-spleen 
ferritin, was used as the acceptor. It was incubated with the 
appropriate fraction, the latter in quantities equivalent to 0.1 g 
of original wet weight of liver. Mitochondria possess some ac- 
tivity which may be due to the presence of ATP or ATP-generat- 
ing systems in such particles. 

Fig. 1 shows the time-course of the reaction which results in 


the incorporation of serum Fe*® into ferritin of a supernatant 
solution prepared from a rat liver homogenate as well as the 
effect of added ATP. The supernatant, without additional ATP 
had a low level of activity, and this activity fell off after 60 min- 
utes. Addition of 10 umoles ATP increased the reaction velocity 
but straight line kinetics held only for 90 minutes. The presence 
of 20 umoles ATP yielded the greatest activity which was main. 
tained essentially unaltered for 2 hours. These results indicate 
that ATP is destroyed during the incubation procedure, but it is 
not possible from these results to determine whether this altera. 
tion of ATP is due to the iron incorporation reaction or to en- 
zymes present in the supernatant solution. 

Participation of Ascorbic Acid during Incorporation of Plasma 
Iron into Hepatic Ferritin—The effect of adding ATP to the su- 
pernatant solution prepared from a rat liver homogenate was 


TaBLe VII 
Distribution of serum Fe*®® incorporating activity in 
rat liver fractions 

Rat liver was homogenized with 0.25 m sucrose and subjected to 
differential centrifugation, yielding the following fractions: 
nuclei, mitochondria, microsomes, and supernatant solution. 
Each flask contained the equivalent of 0.1 g of the appropriate 
fraction, recrystallized horse-spleen ferritin (100 ug of total iron), 
serum-bound Fe®® (50,000 c.p.m.), 2.5 ml 0.154 m KCI1-0.0006 u 
KHCOs, 2.5 ml 0.2 m Tris buffer, pH 7.4, and 0.154 m KCl to make 
10.0 ml. Incubation was continued for 30 minutes at 37° in an 
atmosphere of 100% oxygen before ferritin isolation. 


Fractions ‘activity 
c.p.m./pg iron 
Supernatant solution.......................... 11.9 
Supernatant solution + Nuclei................ 12.4 
Supernatant solution + Mitochondria......... 15.5 
Supernatant solution + Microsomes........... 10.2 
T T T 
100}— = 
20 pmoles ATP 
2 
= 
10 umoles ATP 
- 
o 
= 
20|— al 
0 30 60 90 120 


Time (minutes) 


Fic. 1. Incorporation of serum-bound Fe*®® into ferritin of a 
clear extract prepared from a rat liver homogenate. Each reac- 
tions flask contained 50,000 c.p.m. Fe, a quantity of extract 
equivalent to 1.0 g wet weight of rat liver which contained 10 
ug of ferritin total iron, 3.5 ml of 0.2 m Tris buffer, pH 7.4, and 0.154 
M KCl to make 10 ml. Flasks were incubated in air at 37° with 
gentle shaking. 
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next investigated. As in the previous experiment, the source of 
ferritin was recrystallized horse-spleen ferritin. The results in 
Table VIII indicate that a factor, in addition to ATP, is present 
in the supernatant solution, and that this factor is concerned with 
the iron incorporation reaction. This factor is fairly stable to 
heating to 100° for one minute, but is almost completely removed 
by overnight dialysis against saline. Because of the reported 
involvement of ascorbic acid in the incorporation reaction (7), 
the identity of ascorbic acid with the factor present in the super- 
natant solution was investigated. The heated solution was 
mixed with ascorbic acid oxidase, at pH 5.6, for 15 minutes at 
room temperature and its activity tested in the presence as well 
as in the absence of added ATP after adjusting the solution to 
pH 7.4. Ascorbic acid oxidase completely destroyed the iron 
incorporation activity present in the supernatant solution, con- 
firming the presence of ascorbic acid in this solution and demon- 
strating the need for both ATP as well as ascorbic acid during 
the incorporation of serum iron into ferritin. 

Serum Iron Incorporation into Various Ferritins by ATP and 
Ascorbic Acid—Table IX lists the results of an experiment de- 
signed to determine the optimal ratio of ATP:ascorbic acid re- 
quired for the incorporation reaction. For this purpose rat fer- 
ritin was prepared in a partially purified state from the clear 
extract which results after centrifugation of a rat liver homoge- 
nate at 8500 xX g for 1 hour. Ferritin was precipitated at 0.5 
saturation with ammonium sulfate, the precipitate dissolved in 
water and dialyzed free of salts. An optimal molar ratio of 
ATP:ascorbic acid of 2:1 was obtained. 

Table X lists the comparative activities of a variety of ferritins, 
tested as acceptors for serrum-bound Fe* in the presence of opti- 
mal quantities of ATP and ascorbic acid. Recrystallized horse- 
spleen ferritin was prepared as previously reported (19). Crys- 
talline rat ferritin was prepared from a large pool of rat livers by 
the same technique as that used for horse-spleen ferritin. Frac- 
tion A represents the clear extract obtained after centrifugation 
of a rat liver homogenate at 8500 x g for one hour, followed by 
exhaustive dialysis. Fraction B was prepared by precipitation 
of the ferritin from fraction A at 0.5 saturation with ammonium 
sulfate, solution of the precipitate in water, dialysis to remove 
salts, adjustment to pH 4.6, removal of an insoluble precipitate 
and adjustment of the resulting solution to pH 7.4. Fraction B 
was heated to 70° and the coagulated protein removed, yielding 
fraction C. Fraction C was centrifuged in the Model L Spinco 
for one hour at 80,000 x g and the top one-third of the solution 
removed and discarded. An equivalent quantity of saline was 
added, the solutions mixed and centrifuged again. This process 
was repeated for a total of four times, yielding fraction D. Purifi- 
cation is indicated by a rise in the ratio of ferritin iron to total 
nitrogen and demonstrates that much of the nonferritin contami- 
nating protein is of lower density than the bulk of ferritin. Final 
purification was achieved by separating fraction D on a DEAE 
cellulose exchange column using increasing concentrations of 
phosphate buffer, pH 7.7, for gradient elution. Ferritin was 
strongly adsorbed to the cellulose at a concentration of buffer of 
0.005 m but was eluted at 0.05 m buffer. This fraction, called 
E in Table X, was about 30% pure when compared with crys- 
talline rat ferritin. It may be seen that continued purification 
of crude rat liver ferritin resulted in an increase in activity as an 
acceptor for serum-bound iron. These results cast doubt on the 
presence in liver of factors other than ATP and ascorbic acid 
required for the incorporation reaction. The fact that fraction 
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TABLE VIII 


Properties of factor, in addition to ATP, required for serum 
Fe®® incorporation into ferritin 

Each flask contained horse-spleen ferritin with KCI-KHCO, 
solution and quantities of supernatant, prepared by the cen- 
trifugating of a rat liver homogenate at 9000 X g for 1 hour, 
equivalent to 0.1 g wet weight of liver. For treatment with 
ascorbic acid oxidase the pH of the supernatant was adjusted to 
pH 5.6, 116 units of enzyme added, and the mixture incubated for 
15 minutes at room temperature. It was then adjusted to pH 
7.4 and tested as for Table VII. 


Specific activity of ferritin iron 


Treatment of supernatant 


Without ATP | With ATP 


c.p.m./pg tron 


Heated supernatant + ascorbic acid 


TABLE IX 
Optimal ratio of ATP:ascorbic acid for serum Fe*® 
incorporation into rat ferritin 
Source of ferritin was rat liver whose preparation is described 
in text. Serum Fe®? (50,000 c.p.m.) was added to each flask which 
was incubated for 1 hour at 37°. Concentration of ATP and 
ascorbic acid is expressed as wmoles. 


Additions 
c.p.m./ wg iron 
3.4 
20 ATP + 10 ascorbate....................... 54.0 
20 ATP + 20 ascorbate....................... 52.0 
TABLE X 


Serum Fe *® incorporation into various ferritins by ATP 
| and ascorbic acid 
Each flask contained a quantity of ferritin equivalent to 100 
ug of total iron together with Tris buffer and serum-bound Fe®® 
asin Table IX. Ascorbic acid (10 umoles) and ATP (20 umoles) 
were added before incubation for 30 minutes in an atmosphere of 


nitrogen. Ferritin was isolated immunochemically. 
ay Ferritin Fe Specific 
Source of ferritin Total N 
mg iron/mg N |\c.p.m./ug iron 
Horse spleen (recryst. 4 times)........... 1.87 20.8 
Rat liver (recryst. 1 time)............... 1.22 13.2 
dp ean 0.016 18.8 
Rat liver; D + Cdt* (2 K 10™3M)........ 0.112 9.8 
Rat liver; D + p-chloromercuribenzoate 
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TaBLe XI 
Specificity of ATP for incorporation reaction 
Each flask contained rat liver ferritin corresponding to Fraction 
C, Table X, together with Tris buffer, serum-bound Fe, 10 
umoles of ascorbic acid and 20 uwmoles of the various phosphates 
tested. 


Specific Specific 
Additions activity of Additions activity of 
iferritin Fe) * ferritin Fe 
c.p.m./ug c.p.m./pg. 
ron tron 
2.2 , Ascorbate + ADP...| 35.7 
Ascorbate.............. 5.6 Ascorbate + CTP...| 32.3 
6.1 Ascorbate + PO,"... 6.1 
Ascorbate + ATP...... 69.5 | Ascorbate + AMP... 5.6 
Ascorbate + GTP.....| 43.2 | Ascorbate + DPN... 5.4 
Ascorbate + PP....... 38.8 | Ascorbate + TPN... 5.4 


TaBLE XII 


Effects of ATP and EDTA on metal-ion-catalyzed oxidation 
of ascorbic acid 


Kach Warburg flask contained 0.3 wmole of metal ion, 120 
umoles of neutralized ascorbic acid, 0.8 ml of 0.1 m phosphate 
buffer, pH 7.4, and ATP or EDTA as neutral salts in a total 
volume of 3.8 ml. The center well contained 0.2 ml of 20% KOH 
for carbon dioxide absorption. Qo, values are calculated as ul of 
oxygen per hour from the observed oxygen uptake during the 
first 15 minutes of the reaction. Flasks were incubated with 
shaking in air at 37°. Values for ascorbic acid and ATP refer to 
uwmoles; where no values are shown these are molar ratios of 
ascorbic acid to ATP or EDTA of 1:2. 


Metal ion Additions Qo, | Metal ion Additions Qo, 
None Ascorbate 207 | Serum* | Ascorbate 194 
Fettt Ascorbate 326 | Serum* | Ascorbate + | 566 
ATP 
Fe***+ | 6 Ascorbate + | 635  Serum* | Ascorbate + | 306 
1 ATP EDTA 
Fe*** (2 Ascorbate + | 822 
1 ATP | 
Fet** 1 Ascorbate + 844) Cu** Ascorbate 935 
1 ATP 
Fet** | 1 Ascorbate + | 955 | Cutt Ascorbate + | 536 
2 ATP ATP 
Fe***+ | 1 Ascorbate + | 752 Cutt Ascorbate + | 306 
3 ATP EDTA 
Fe*** 1 Ascorbate + | 925 | Cott Ascorbate 235 
2 EDTA 
| Cot* Ascorbate + . 66 
| | ATP 
| | Cot Ascorbate + | 146 
| | EDTA 


* The quantity of rat serum used in this experiment contained 
0.03 pmole of bound iron. 


E is almost twice as active as crystalline rat ferritin suggested 
that some loss in activity is incurred during the preparation of 
the crystalline rat ferritin. Two steps in this procedure may be 
suspect; one is the heating to 70° and the other the inability to 
remove all of the Cd*+* used for the crystallization procedure 
(19, 20). That the heating step does not result in a marked loss 
in activity is noted from the results shown in Table X; a loss of 
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5% resulted. However, addition of 2 x 10-* m Cd** to fraction 
D resulted in a 46% inhibition. Since Cd++ is known to have 
a high affinity for protein sulfhydryl groups, the effect of p-chloro- 
mercuribenzoate was also tested. An inhibition of 73% was ob- 
tained. These results suggest that ferritin sulfhydryl groups are 
involved in the acceptor role of this protein for serum-bound iron. 

Comparison of ATP with Other Phosphates—A variety of bio- 
chemically important phosphates was compared with ATP at 
equimolar concentrations for their ability to incorporate serum- 
bound Fe* into ferritin in the presence of optimal amounts of 
ascorbic acid. The results in Table XI demonstrate that, al- 
though ATP is most active, other phosphates are also active. 
Among these are GTP, inorganic pyrophosphate, ADP, and CTP. 
At the concentrations tested, inorganic orthophosphate, AMP, 
DPN, or TPN were without any activity, suggesting the require- 
ment for a terminal pyrophosphate linkage. 

Effect of ATP on Metal Ion-catalyzed Oxidation of Ascorbic 
Acid—It is reasonable to presume that the function of ascorbic 
acid during the incorporation of serum-bound iron into ferritin 
is to act as a reducing agent for ferric iron bound to transferrin. 
If this were so, ascorbic acid would be oxidized in the process. 
Under aerobic conditions, oxygen would be consumed for the 
re-oxidation of ferrous iron, and if the latter were present in trace 
quantities, the iron would now act catalytically, resulting in the 
oxidation of more ascorbic acid. Since the addition of ATP re- 
sults in a stimulation of the incorporation of serum-bound iron 
into ferritin, the effect of ATP on the ferric iron-catalyzed oxida- 
tion of ascorbic acid was studied. For this purpose oxidation 
rates were measured in terms of consumption of molecular oxy- 
gen. The results in Table XII demonstrate that ATP markedly 
stimulates oxygen consumption, optimal oxygen uptake being 
obtained at a molar ratio of ATP:ascorbic acid of 2:1, the same 
as that obtained for the incorporation of serum Fe* into ferritin. 
It is of interest that substitution of rat serum containing 0.03 
umole of bound iron in place of 0.3 umole of inorganic iron also 
resulted in an increase in oxygen consumption, indicating that 
in the presence of ATP the firmly bound iron was reduced actively 
by ascorbic acid. 

A similar finding, the stimulation of ferric ion-catalyzed oxi- 
dation of adrenaline by EDTA,! has been reported from this 
laboratory (21). The results shown in Table XII demonstrate 
that EDTA acts like ATP to stimulate the oxidation of ascorbic 
acid in the presence of inorganic iron. The effects of ATP and 
EDTA seem to be confined to iron since these compounds are 
inhibitors when added to ascorbic acid solutions containing either 
Cot* or Cut*. Similar findings have been obtained for the iron- 
catalyzed oxidation of adrenaline. Ata concentration of EDTA 
which markedly stimulates the iron-catalyzed oxidation of adren- 
aline, the oxidation of adrenaline in the presence of Cot*, Cu**, 
Nit+, or Mn++ are completely inhibited. Furthermore, EDTA 
also stimulates the ferric iron-catalyzed oxidation of catechol 
(1.7 times), dihydroxyphenylalanine (1.6 times), and of hydro- 
quinone (2.0 times), although it inhibits the ferric iron-catalyzed 
oxidation of purified cysteine by 77%. A major difference be- 
tween ATP and EDTA involves the complete absence of incor- 
poration of serum-bound Fe*® into ferritin if EDTA is substi- 
tuted for ATP in the incorporation reaction. Furthermore, 
in the presence of ATP, EDTA at a concentration of 10-° M 
inhibited the incorporation reaction to the extent of 79%. 


1 The abbreviation used is: EDTA, ethylenediamine tetraacetic 
acid. 


Mz 
ro 
lea 
7 is 
sy 
pro 
pro 
an 
its 
fro 
pla 
qua 
syn 
plas 
fer 
tos 
mo 
plas 
20a 
lyti 
the 
tha 
ferr 
res 
ine 
hou 
mal 
slic 
the 
me 
the 
tra 
avo 
cire 
unli 
as a 
plas 
slic 
proc 
side 
bou 
plas 
ani 
ing 
= ab 
tho 
to 1 
bou 
exis 
ferri 
live 
live 
sis 
plas 


March 1960 


DISCUSSION 


The importance of iron for hemoglobin synthesis by bone mar- | 


row has directed attention away from the movement of plasma 
iron to other tissues. In the rat, 20% of the iron which normally 
leaves the plasma enters the liver cell where one-half of this iron 
is incorporated into ferritin. The rapidity of ferritin protein 
synthesis (22) and of incorporation of iron into various ferritin 
protein molecules as illustrated in Table II, suggests that this 
protein, although it may function as a storage depot for iron in 
an emergency, is normally in a constant state of renewal and that 
its iron passes into and out of its molecules constantly, to and 
from the circulating plasma. This gives rise to an iron cycle: 
plasma — hepatic ferritin — plasma, comparable to, although 
quantitatively smaller than, the iron cycle involving hemoglobin 
synthesis: plasma — marrow — red cell — senescent red cell — 
plasma. 

Values for the rate of incorporation of plasma iron into various 
ferritin fractions suggest that iron is incorporated by attachment 
to sites on the protein, of which more are available in those mole- 
cules which contain little iron (apoferritin) and which have been 
most recently synthesized (12). Inhibition of incorporation of 
plasma-bound iron into ferritin by Cd++ or p-chloromercuriben- 
zoate suggests that such sites involve sulfhydryl groups. Ana- 
lytical data reported from this laboratory (23) have shown that 
the apoferritin-like fraction of ferritin contains more SH groups 
than do the others although SH groups are present even in those 
ferritin molecules containing the largest amount of iron. These 
results agree with our present findings which show a substantial 
incorporation of plasma iron into all fractions as early as one 
hour after the iron has been injected intravenously into the ani- 
mals. 

The marked differences observed in experiments with liver 
slices between ferric citrate and plasma-bound iron emphasize 
the necessity for use of the physiological form of iron in experi- 
ments in vitro. When ionic iron is injected into the intact animal 
the iron is rapidly bound by the plasma iron-binding globulin, 
transferrin, although, even in this type of experiment, one must 
avoid the administration of quantities of iron which will saturate 
circulating transferrin. From the results of Jandl et al. (5) it is 
unlikely that transferrin saturated with iron binds all of its iron 
as avidly as is the case for iron normally present in the circulating 
plasma. Although greater incorporation of iron into the liver 
slice and its ferritin takes place with use of ferric citrate, this 
process is entirely independent of the living cell and may be con- 
sidered an artifact. The relatively slow incorporation of plasma- 
bound iron, however, is in accord with the rate of uptake of 
plasma iron by the liver in the intact animal. In the intact 
animal iron in the plasma is linked with transferrin with a bind- 
ing constant of approximately 10’ (24). This binding serves as 
a brake against the rapid movement of iron to the tissues. Al- 
though the use of ferric citrate together with liver slices leads 
to incorporation of iron into ferritin, it is uncertain whether iron 
bound to the protein in this way is identical with that which 
exists in native ferritin. 

Regulation of iron transport from circulating plasma to hepatic 
ferritin is determined by the state of oxidative metabolism of the 
liver cell, e.g. oxygen tension in the blood flowing through the 
liver. Aerobic metabolism in the liver is needed for the synthe- 
sis of ATP which, together with ascorbic acid, serve to transport 
plasma-bound iron to ferritin. The fact that liver slices bind 
plasma iron regardless of oxygen tension or the presence of in- 
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FiG. 2. Complex postulated for ATP, ascorbic acid, and serum- 
bound iron. 


hibitors of oxidative enzymes, suggests that the binding site on 
the liver cell wall is not dependent on energy sources (ATP) or 
that such a site has a very low rate of turnover. It is likely, 
however, that ATP and ascorbic acid are present in the aerobic 
cell at or near this binding site in order to remove the iron from 
its linkage with transferrin. It is postulated that this linkage is 
broken and transferrin, minus its iron, returned to the circulation, 
on the basis of the great differences in turnover of plasma iron as 
compared with that of plasma globulins (25, 26), as well as by 
the fact that alteration of the level of transferrin in the plasma 
does not affect the rate of movement of iron from the plasma 
(27). It is apparent that the removal of iron from its linkage 
to transferrin requires the presence of a compound with strong 
binding properties for iron. ATP is eminently suitable for this 
purpose since, as Neuberg and Mandl (28) have shown, ATP is 
capable of preventing the precipitation from solution of ferrous 
or ferric sulfides. 

The role of ascorbic acid in the reaction which leads to the 
transport of plasma iron to ferritin presumably involves its action 
as a reducing agent, converting transferrin iron from the ferric 
to the ferrous state. This conversion takes place to a limited 
extent at pH 7.4, if at all, unless ATP is present. It may there- 
fore be presumed that a complex is formed among ATP, ascorbic 
acid, and the iron attached to transferrin. Our data reveal that 
such a complex would consist of 2 moles of ATP for each mole 
of ascorbic acid. Formulation of such a complex is shown in 
Fig. 2 and is based on the Mgt+-ATP complex suggested by 
Szent-Gyorgyi (30), as well as on the results of our experiments 
with phosphate derivatives related to ATP. Whereas Mgt+ 
would be expected to form a quadridentate complex, Fet+++ is 
shown in the form of a hexadentate structure involving 2 oxygen 
atoms of the terminal pyrophosphate linkages of ATP, the N 
atom attached to carbon atom 6 and N 7 of the adenine rings, 
one of the oxygen atoms of asecrvic acid which is capable of 
electron transfer and, finally, the unknown linkage of the iron 
atom with transferrin. Transfer of an electron from ascorbic 
acid to the iron atom would result in its reduction to the ferrous 
state, presumed weakening of its linkage to transferrin and liber- 
ation of an Fe++-ATP complex. How the iron from such a 
complex is transferred to ferritin is not known although the 
participation of SH groups of the protein is evident. One 
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possibility involves the splitting of ATP at its terminal phosphate 
bond due to its linkage with iron. Such a linkage, as Boyer and 
Harrison have pointed out (30) would favor an increase in posi- 
tive charge on the phosphorus atom and lead to an increased ease 
of attack by nucleophilic reactants (OH-). Indeed, Bamann et 
al. (31) have demonstrated the phosphatase-like activity of ionic 
iron leading to a splitting of the terminal phosphate of ATP, 
although the reaction is slow. In this regard, it is of great inter- 
est that native ferritin does contain phosphorus (20) and the 
possibility exists that this phosphorus arises from ATP which 
carries iron to ferritin for its incorporation. The use of ATP 
whose terminal P is labeled will be helpful in elucidating this 
point. 

Model experiments involving the measurement of oxidation 
rates of ascorbic acid by Fe+*++ in the presence of ATP or EDTA 
emphasize the activation effect of formation of covalent com- 
plexes of metal ions. ATP accelerates the oxidation rate of 
ascorbic acid in the presence of small amounts of Fe+++ or serum- 
bound iron, and EDTA which forms a complex with Fet++ ex- 
tremely similar to that postulated for ATP, also stimulates the 
Fe+++-catalyzed oxidation of ascorbic acid. The effects of ATP 
and EDTA are specific for Fe+++; although Cu++ or Co++ cata- 
lyze the oxidation of ascorbic acid, the reaction is not stimulated 
by addition of either complexing agent. Preliminary studies 
suggest that ascorbic acid is not entirely specific since the Fe+++- 
catalyzed oxidation of adrenaline is stimulated by both ATP 
and EDTA and that of catechol, dihydroxyphenylalanine or 
hydroquinone is stimulated by EDTA, whereas the Fe+++-cata- 
lyzed oxidation of cysteine is inhibited by EDTA. There ap- 
pears to be a requirement for an acidic OH group, probably for 
the purpose of bonding via one of the coordinate valences of 
Fe+++. The results cited for cysteine are in disagreement with 
that reported by Pfleger and Rummel (32). We have found it 
necessary to purify cysteine with extreme care using the tech- 
nique of Warburg and Sakuma (33) in order to remove extraneous 
metal ions which interfere with the EDTA effect. The fact that 
both ATP and EDTA stimulate the Fe+++-catalyzed oxidation 
of ascorbic acid whereas only ATP accelerates or makes possible 
the incorporation of serum-bound iron into ferritin suggests once 
again that the Fe++-ATP complex is probably split during or 
immediately before the attachment of the iron to the ferritin 
molecule, since such a splitting of the Fe++-EDTA complex is 
not possible. 

As a result of the present findings, an interesting relationship 
appears between the biochemical mechanisms involved in iron 
release and iron incorporation involving ferritin. The release of 
iron from hepatic ferritin to the plasma is favored by decreased 
oxygen supply to the liver cell causing an accelerated breakdown 
of nucleotides including ATP, yielding elevated cellular levels of 
hypoxanthine and xanthine, and a consequent increase in oxida- 
tion of these substrates by xanthine oxidase, a process which 
involves ferritin iron reduction and release (1, 2). As is now 
evident, the reverse reaction, the transfer and incorporation of 
plasma-bound iron into hepatic ferritin is dependent on energy- 
yielding reactions for the continued synthesis of ATP, which, 
together with ascorbic acid, releases iron from its linkage to the 
plasma iron-binding protein and serves to incorporate it into 
ferritin. 

It is quite likely that the mechanism for incorporation of 
plasma iron into hepatic ferritin which has been described also 
functions with respect to the insertion of iron into ferritin in 
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other tissues, such as marrow, spleen, intestinal mucosa and 
placenta, since ATP is common to all tissues. If intercellular 
rather than plasma ascorbic acid is needed for this reaction it is 
of interest that the vitamin is found to the greatest extent in 
the liver cell supernatant fraction (34), and that oral administra- 
tion of ascorbic acid is extremely effective in increasing the ex- 
tent of oral iron absorption (35) during which time increased quan- 
tities of ferritin appear in the mucosal cells (36). The effect of 
ascorbic acid deficiency in the guinea pig on the incorporation 
of plasma iron into ferritin is now under study. 


SUMMARY 


Fe*? bound to plasma or serum has been used to study the 
mechanism of incorporation of iron into hepatic ferritin. 
Of the iron which leaves the plasma of a normal rat, 20% is 
incorporated into the liver; one-half of this iron is present as 
ferritin. Distribution of this iron among the ferritin molecules 
of varying total iron content indicates that plasma-bound iron is 
at first incorporated to a somewhat greater extent into low den- 
sity iron-poor molecules which with time are converted to high 
density ferritin molecules of high iron content. 

Incorporation of plasma-bound iron into ferritin of liver slices 
or homogenates is dependent on energy produced during oxida- 
tive metabolic reactions, specifically for the synthesis of adeno- 
sine triphosphate (ATP). In addition to ATP, ascorbic acid is 
required for the incorporation reaction. Using pure compounds, 
neither ‘ATP nor ascorbic acid alone is capable of transferring 
plasma-bound Fe* to ferritin. However, when added together, 
ATP and ascorbic acid perform this transfer reaction. Evidence 
is presented which suggests the presence of ferritin SH groups as 
part of the acceptor site. 

The mechanism whereby ATP and ascorbic acid mediate the 
transfer of plasma-bound iron to ferritin has been studied. The 
formation of a complex involving 2 moles of ATP, 1 mole of 
ascorbic acid, and the iron-transferrin protein of plasma is sug- 
gested. ATP markedly stimulates the oxidation of ascorbic acid 
in the presence of ionic iron or iron bound to rat serum. It is 
suggested that this reaction serves to reduce the plasma-bound 
ferric iron to the ferrous state, thus releasing it from its bond to 
the protein and making it available for incorporation into ferritin. 
Model experiments using ATP and ethylenediamine tetraacetic 
acid point to the specificity of Fe+++ in this reaction, although 
compounds other than ascorbic acid which contain an acidic OH 
group may participate. 

The physiological significance of the dependence of plasma iron 
incorporation into ferritin on aerobic metabolism in the liver is 
discussed. 
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A definite need exists for improvement in methods for the de- 
termination of COOH-terminal groups in proteins. Methods 
such as hydrazinolysis (2, 3) or lithium borohydride reduction (4) 
suffer from the disadvantage of extreme reaction conditions, mak- 
ing it difficult to study the protein in its native state. Further- 
more, poor yields often require large correction factors (3). The 
carboxypeptidase technique (5) which is widely used requires a 
kinetic analysis of the rate at which the various amino acids are 
released. Even a careful analysis may not give valid results be- 
cause two or more amino acids may appear in the medium at the 
same rate, a nonstoichiometric release of amino acid may be ob- 
served, or a terminal amino acid may not be released initially 
because of steric or other factors. The results may be and some- 
times are ambiguous.! The purpose of this paper is to present 
a modification of the carboxypeptidase technique for the deter- 
mination of COOH-terminal groups in proteins which allows un- 
ambiguous identification of the COOH-terminal amino acids and 
the number of peptide chains attacked by the enzyme. The use- 
fulness of the method is demonstrated by application to the de- 
termination of COOH-terminal and adjacent residues of rabbit 
muscle aldolase. 

The principle of the method is illustrated in Fig. 1. When 
amino acids are released from the COOH-terminus of a peptide 
chain by carboxypeptidase hydrolysis, bond cleavage occurs 
along the dotted lines as indicated. In an HO" medium, the 
second, third, and subsequent amino acids released will have in- 
corporated 1 oxygen atom from the water into their carboxy] 
group. Since the carboxyl group of the terminal acid does not 
enter into the hydrolysis reaction, it will remain unchanged dur- 
ing the course of hydrolysis. This reasoning assumes, of course, 
that there is no catalysis of the exchange of oxygens of the car- 
boxy] group with the oxygens of the water. After an appropriate 
amount of hydrolysis, the individual amino acids from the car- 
boxypeptidase digest in H,O" are isolated and the amount of O"8 
in their carboxyl groups determined. Alternatively, some or all 
amino acids released on digestion may be isolated without indi- 


* Supported in part by United States Public Health Research 
Service Grants RG-4930 and A-2316 and by the Hill Family Foun- 
dation. A preliminary report of this work has been reported (1). 

! The possible ambiguous nature of the results is well demon- 
strated by the recent findings of Ikenaka and Jirgensons (6). 
These workers showed that alanine, although released most 
rapidly by carboxypeptidase digestion of human serum albumin, 
was not a COOH-terminal amino acid, and that carboxypepti- 
dase released alanine more rapidly than glycine from carboben- 
zoxy-L-Ala-L-Ala-L-Ala-Gly. 


vidual separation, and the amount of isotope incorporated com- 
pared quantitatively with that of the medium. 

Determination of the COOH-terminal amino acids of rabbit 
muscle aldolase is of particular interest because of the unusual 
loss of catalytic activity and change of specificity found to accom- 
pany release of COOH-terminal amino acids by carboxypeptidase 
digestion (7). Aldolase when incubated with carboxypeptidase 
releases 3 moles of tyrosine and 2 moles of alanine per mole of 
aldolase, together with trace amounts of other amino acids. De- 
crease of catalytic activity to about 5% of the original value is 
directly correlated with the appearance of free tyrosine. The 
alanine does not appear in the medium until the third equivalent 
of tyrosine has appeared and the residual lower limit of the activ- 
ity is almost reached. The distribution of the 3 tyrosines and 
the 2 alanines among the peptide chain or chains of the aldolase 
molecule is thus of obvious interest. Since the alanine does not 
appear until nearly all the tyrosine has been released one may 
conclude that at least one tyrosine is COOH-terminal. There 
may, however, be more than one peptide chain and other tyrosine 
as well as alanine residues could conceivably be COOH-terminal. 
Previous work by Udenfriend and Velick has indicated that there 
are at least 2 N-terminal proline residues (8). The O'* procedure 
described herein gives a definitive answer to the question of lo- 
cation of the tyrosine and alanine residues in the aldolase mole- 
cule. 


EXPERIMENTAL 


Materials—Aldolase was isolated from rabbit muscle by a mod- 
ification of the procedure of Taylor (9).2_ Preparations were crys- 
tallized three times before use and were stored as a suspension in 
the ammonium sulfate crystallizing medium at 4°. Carboxy- 
peptidase, three times recrystallized and salt free, and a-chymo- 
trypsin were purchased from the Worthington Biochemical Cor- 
poration. H,O"* was purchased from the Weizmann Institute of 
Science, Rehovoth, Israel. Tyrosine, purchased from California 
Foundation for Biochemical Research, was recrystallized, dried 
at 100° for 3 hours in a vacuum over P2035, and stored over P.Ox. 


2 Modifications of possible importance are: use of 10-3 m eth- 
vlenediaminetetraacetic acid in all solutions (adjusted to pH 7.4 
where necessary); use of a Waring Blendor instead of the meat 
grinder, and centrifugation of the initial extracts instead of fil- 
tration. In addition, in preparations of aldolase from rabbits 
killed by ether anesthesia, aldolase crystals have been obtained 
in 2 days, as compared to the usual 1- to 3-week period of stand- 
ing when the rabbits are killed by a blow on the head or by air 
injection. The odor of ether is clearly apparent in the extracts. 
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Fic. 1. Hydrolysis of a peptide chain in H,0'8. 


Tyrosine containing O'8 in its carboxyl group was prepared by 
exchange with water, through heating the hydrochloride at 110° 
for 48 hours in a sealed tube. It was dried at 100° for 3 hours in 
a vacuum over P.O; and stored over P,O;. Diphenylmethane 
and diphenylamine were purchased from Eastman Organic 
Chemicals. The former was once distilled before use, the lat- 
ter was used without further purification. Octadecylamine was 
obtained from the Aldrich Chemical Company and was used 
without further purification. Fructose diphosphate and hy- 
drazine for use in the aldolase assay were obtained and pre- 
pared as described previously (7). 

Assay Procedures—Aldolase was assayed according to the pro- 
cedure of Jagannathan et al. (10). Protein was determined by 
absorption at 280 my using as extinction coefficients, E}4%2 = 
0.91 for aldolase (11), and E?1% = 2.3 for carboxypeptidase (12). 
Tyrosine analyses were by ultraviolet absorption in acid and al- 
kaline solution (13), or by the Folin-Ciocalteu method (14). The 
ninhydrin method of Troll and Cannan (15) was used to deter- 
mine a@-amino acids. In the latter part of the work, the ultra- 
violet absorption method of Spies (16) was also used. 

O'8 in water was assayed by equilibration of the water with 
carbon dioxide (17). For assay of O" content of the carboxy] 
group of the amino acids, the acids were decarboxylated as de- 
scribed by Rittenberg and Ponticorvo (18, 19) and the carbon 
dioxide was collected and assayed. This method is known to 
vield carbon dioxide derived exclusively from the carboxyl group 
of the acid (19). 

All solutions were made up with distilled water which for 
further purification was also passed through a column of Amber- 
lite resin MB-3. 

Aldolase Digestions and Amino Acid Isolations—Procedure A: 
The required amount of aldolase (0.6 to 5.0 g), suspended in the 
ammonium sulfate crystallizing medium, was centrifuged and 
the crystals were dissolved in about 50 ml of 10-* m ethylene- 
diaminetetraacetic acid, pH 7.4. The solution was dialyzed at 
4° for 6 hours with stirring against several 2 liter volumes of the 
ethylenediaminetetraacetic acid solution, then against water. 
The inner dialyzate was centrifuged and the supernatant solu- 
tion was put through a column of Amberlite MB-1 resin to 
remove residual salts and ninhydrin-positive material extracted 
from the dialysis casing. The solution was then lyophilized, 
the solid protein was dissolved in HO" to give a solution of 
about 50 mg per ml, and centrifuged. The pH was adjusted to 


3Mass spectrometer facilities were made available through 
the cooperation of Professor A. O. C. Nier and the Physics De- 
partment of the University of Minnesota. 
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8.0 with KOH, and aliquots were withdrawn for determination 
of aldolase activity, O" of the medium, tyrosine, and a-amino 
acids. Negligible amounts of the latter two were found in all 
runs. Although slight denaturation occurred throughout the 
preliminary steps, the total amount of protein lost was very 
small and the activity of the dissolved material remained con- 
stant. 

To the H.O® solution of the aldolase was added sufficient 
carboxypeptidase in 10% lithium chloride to give an aldolase- 
carboxypeptidase weight ratio of about 2500; the volume of 
added carboxypeptidase solution was negligible compared to the 
total volume. The carboxypeptidase solution was prepared by 
washing the enzyme crystals four times with cold water, dis- 
solving them in 10% lithium chloride, and centrifuging them to 
remove insoluble material. The carboxypeptidase-aldolase so- 
lution was incubated at 30° for 1 hour, cooled to 0°, and ali- 
quots were removed for various analyses. In all cases the 
catalytic activity decreased as expected to about 5% of its 
initial value, and yields of tyrosine and a-amino acid agreed with 
those previously reported. Carrier tyrosine was added if neces- 
sary, and the reaction mixture lyophilized to recover the H.O". 
The dry solids were then dissolved in 30 ml of H,0'*, the solu- 
tion heated at 100° for 3 minutes, and then cooled quickly in an 
ice water bath. Water, 20 ml, was added, the mixture centri- 
fuged, and the residue washed four times with H.O'*. To the 
combined washings and supernatant solution, about 80 ml, 
were added 2.0 g of Norit which had been previously treated 
with 10% of its weight of octadecylamine (20). The mixture 
was allowed to stand 10 minutes at room temperature and then 
filtered. The Norit was washed three times with 3 ml of water, 
dried in air for a short period of time, and eluted three times for 
10 minutes at room temperature with 10 ml of 10 volumes % 
pyridine in 5 volumes % ethyl acetate-water. Recovery of 
tyrosine was essentially quantitative. The eluates were filtered 
and then evaporated to dryness in a Rinco rotary evaporator 
at room temperature. 

The crude tyrosine was purified by recrystallization from 
water, at its isoelectric point. It was taken up in a minimal 
amount of 0.5 Nn HCI (about 0.7 ml), the solution was centrifuged 
to eliminate insoluble material and then brought to a pH of 
about 6 with the calculated volume of standardized ammonium 
hydroxide. The mixture was allowed to stand at 4° for an 
hour and was then centrifuged to obtain the solid tyrosine. 
This procedure was repeated at least three times from smaller 
amounts of acid, usually about 0.4 ml. The purified solid 
tyrosine was transferred to the decarboxylation tubes as a 
slurry in water which was then lyophilized. The solid was 
dried in the tube at 100° for 3 hours in vacuum over P.Q;. 

Procedure B: Procedure A was followed up through the op- 
tional addition of the carrier tyrosine. The H,O" solution was 
heated at 100° for 3 minutes, quickly cooled to 0°, and then 
lyophilized. The solid residue was extracted exhaustively with 
H.O'* at room temperature (total volume about 100 ml). The 
extracts were centrifuged and evaporated to dryness in a Rinco 
rotary evaporator at room temperature. ‘The solid residue was 
extracted with a small amount of water (maximum amount, 
1.0 ml) and the mixture was centrifuged to give a solution con- 
taining lithium chloride and alanine and a precipitate of crude 
tyrosine which was purified by crystallization as described above 
in Procedure A. 

The final tyrosine isolated by Procedure A when chromato- 
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TABLE I 


O18 content of COOH of amino acids released from 
aldolase by carboxypeptidase in H,O'* 


Determination of COOH-Terminal Residues 


Atom % excess O18 
Tyrosine carboxyl group Alanine car- 
Carrier boxy] group 
Run tyrosine 
added sy Expected for 
Found Found 
1 2 3 
Chain | Chains | Chains 
% 
1¢ 50 1.40 | 0.23 | 0.11 | 0.00 | 0.00 
2 31 1.39 | 0.32 | 0.16 | 0.00 | 0.00 
3° 0 1.24 | 0.41 | 0.20 | 0.00 | 0.00 0.66¢ 


* Tyrosine isolated by Procedure A. 
’ Tyrosine isolated by Procedure B. 
¢ Corrected for 52% carrier amino acid. 


TABLE II 
Control runs on possibility of interfering exchange reactions 
Atom % excess O18 
Control Amine acid (carboxy! 
H:0 
Initial |Recovered 
1 Tyrosine-O', Norit | 0.00 0.63 0.62 
separation 
2 | Tyrosine-O'*, H,0'8, carboxy- | 1.40 0.00 0.00 
peptidase 
| Tyrosine-O'#, H.,O'*, threo- | 0.00 0.71 0.68 
nine-O!*, carboxypeptidase 
4 | Tyrosine-O'*, H,O'*, chymo-| 1.40 0.00 0.00 
trypsin 
5 | Alanine-O'*, H,O'8, carboxy- | 1.33 0.00 0.06 
peptidase 
6 | Alanine-O'*, H.O'8, chymo-j| 1.33 0.00 0.02 
trypsin 


graphed in a butanol-acetic acid-water system migrated at the 
same rate as authentic tyrosine and with only a faint trace of a 
ninhydrin-positive impurity, which was estimated visually to be 
less than 1% of the major tyrosine spot. The ultraviolet ab- 
sorption spectrum of the isolated tyrosine (no carrier added) 
was identical with that of authentic tyrosine in both acid and 
alkaline media. 

When alanine was isolated, carrier amino acid was added to 
the supernatant solution of the second water extraction in 
Procedure B, and the alanine absorbed on a small column of 
Dowex 50-X4 (H*), 100 to 200 mesh. The column was washed 
with 10 ml of water and eluted with 1 n HCl at 4°. The lithium 
chloride preceded the alanine in the elution and was thus sepa- 
rated from it. The fractions containing the amino acids were 


pooled, neutralized with ammonium hydroxide, and lyophilized. 
The residue was taken up in 0.5 ml of water, transferred to a 
decarboxylation tube, and the solution lyophilized. The solid 
was dried at 100° in a vacuum over PQ, for 3 hours, and the 
alanine decarboxylated. 
Control] O" analyses, to check on the possible occurrence of 
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interfering exchange reactions, were carried out with samples 
prepared as follows: 

1. Tyrosine-O¥, 15 mg, was dissolved in 30 ml of H,0'*, 
allowed to stand at room temperature for 30 minutes, heated 
at 100° for 3 minutes, and then cooled in an ice water bath. 
Norit-octadecylamine, 2.5 g, was added and the tyrosine was 
isolated and purified as described in Procedure A. 

2. Tyrosine-O'*, 13 mg, was dissolved in 30 ml of H,O", and 
the pH adjusted to 8.0. Carboxypeptidase, 1.0 mg, was added, 
the mixture incubated at 30° for 1 hour, heated to 100° for 3 
minutes, cooled quickly, and lyophilized. The solid tyrosine 
was recrystallized as described in Procedure B. 

3. Tyrosine-O", 15 mg, and 6.4 mg of threonine‘ were dis- 
solved in 60 ml of H,O0"*, the pH was adjusted to 8.0, and 1 mg 
of carboxypeptidase added. The solution was incubated at 30° 
for 1 hour, heated for 3 minutes at 100°, and then evaporated 
to dryness at room temperature in a Rinco rotary evaporator. 
The solid was recrystallized as described in Procedure B. 

4. Tyrosine-O'*, 13 mg, was dissolved in 30 ml of H.O, the 
pH adjusted to 8.0, and chymotrypsin, 0.3 mg, was added. The 
solution was incubated at 30° for 1 hour, heated at 100° for 3 
minutes, cooled, and lyophilized. The solid was recrystallized 
as described in Procedure B. 

5. Alanine, 12 mg, was dissolved in 10 ml of H,O", the pH 
adjusted to 8.0, and 0.20 mg of carboxypeptidase added. The 
solution was incubated at 30° for 1 hour, heated to 100° for 3 
minutes, cooled quickly, centrifuged, and the supernatant was 
lyophilized. The residue was taken up in a small amount of 
water and transferred to the decarboxylation tubes. The solu- 
tion was lyophilized and the solid was dried at 100° for 3 hours 
in a vacuum over PQs. 

6. Alanine, 12 mg, in 10 ml of H.O" was treated as in control 
5 except that 0.20 mg of chymotrypsin was used instead of the 
carboxypeptidase. 


RESULTS 


Table I shows the expected O" content of the carboxy] group 
of the recovered tyrosine according to its origin from 1, 2, or 3 
peptide chains for the experimental carboxypeptidase digestions 
of aldolase in HO" with different amounts of carrier tyrosine 
added, together with values for the O" found in the carboxyl 
groups of the tyrosine and alanine isolated. 

It is clear that no excess O" was found in the carboxyl group 
of the tyrosine. The experimental design was such that differ- 
ence between the various possibilities of 1, 2, or 3 chains, as 
listed in Table I, would be easily distinguishable. However, an 
amount of O" was found in the carboxyl group of the alanine 
corresponding to the incorporation of 1 atom of oxygen per 
molecule of alanine. 

The results of various control runs to examine the possibility 
of interfering exchange reactions are given in Table II. There 
are three notable places in the procedures where exchange of 
carboxyl oxygens with water oxygen could conceivably occur, 
as follows: (a) During the recrystallization of the tyrosine from 
an acid medium; (6) during the Norit treatment for tyrosine 


4 Threonine was used in these experiments because early chro- 
matographic studies on amino acids released from aldolase by 
carboxypeptidase digestion indicated that threonine may have 
been released after the tyrosine release. Subsequent studies 
identified the principal amino acid released, other than tyrosine, 
as alanine (7). 
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isolation, and (c) an exchange catalyzed by carboxypeptidase or 
by a chymotrypsin contaminant of carboxypeptidase. From 
the results of other workers (21, 22), it seems highly unlikely 
that either carboxypeptidase or chymotrypsin present as a con- 
taminant would cause an exchange of the carboxyl oxygens of 
either tyrosine or alanine under our conditions. 

Control run 1 tested the exchange of tyrosine in both the 
Norit treatment and in the recrystallization procedure. The 
results show clearly that, within experimental error, neither the 
Norit procedure nor the recrystallization procedure caused an 
exchange of the carboxyl oxygens of the tyrosine. Control runs 
2 and 3 eliminate the possibility of a carboxypeptidase catalyzed 
exchange with tyrosine. Control run 4 was performed because 
different batches of commercial carboxypeptidase were used in 
the actual experiments and these different preparations of the 
enzyme might possibly have possessed different levels of chymo- 
trypsin contamination. In these runs the amount of chymo- 
trypsin used was well above that which could reasonably be 
expected as a contaminant in the carboxypeptidase preparations. 
The results show that there was no detectable exchange of water 
oxygen with the carboxyl oxygens of the tyrosine under the con- 
ditions of the experiment. Control runs 5 and 6 examined the 
possibility of exchange of oxygen into the alanine in the presence 
of chymotrypsin or carboxypeptidase; no appreciable exchange 
was detected. 


DISCUSSION 


In the application of the carboxypeptidase-H,O" procedure to 
homogeneous polypeptides with analysis of the carboxyl oxygens 
of the isolated individual amino acids for O08, the following re- 
sults and interpretations are applicable: 

1. The amino acid isolated contains no excess O8 in the car- 
boxyl group. Such amino acid, within experimental error, must 
be derived solely from a COOH-terminal position. Thus the 
polypeptide contains one or more chains with this amino acid in 
the COOH-terminal position. If more than 1 mole of the par- 
ticular amino acid is liberated per mole of polypeptide, the ratio 
of moles amino acid liberated to moles of polypeptide used gives 
a value for the minimum number of chains terminating in this 
amino acid. 

2. The amino acid isolated contains in its carboxyl group 4 the 
excess O'8 present in the HO*. Such amino acid, within experi- 
mental error, must be derived solely from positions penultimate 
to or further removed from the COOH-terminal amino acid or 
acids. 

3. The amino acid isolated contains in its carboxyl group a 
measurable fraction, but less than 3, of the excess O® present in the 
H*. Such amino acid is derived in part from COOH-terminal 
and part from interior positions in the polypeptide. Thus, a 
minimum of one chain terminating in this amino acid must be 
present. The amount of excess O'8 found allows calculation of 
the ratio of moles of the amino acid released from COOH- 
terminal to moles released from interior positions. 

If the amino acids are isolated and decarboxylated as groups 
or unfractionated, the interpretations apply to the group as a 
whole. With most proteins a result as given under 3 above 
would be anticipated. If the decarboxylation of all amino acids 
was quantitative, the procedure would allow determination of the 
ratio of COOH-terminal to interior amino acids released. Un- 
fortunately, the decarboxylation procedure used (19) does not 
give the same percentage yield of CO. from different amino acids. 
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With a given polypeptide, correlation of the O'* findings with 
findings on the rate and extent of release of various amino acids 
may allow further deductions about the COOH-terminal amino 
acids; such is the case with aldolase. 

If the polypeptide is not homogeneous, the deductions must 
be modified accordingly. 

Results of the various control analyses, together with previous 
knowledge about carboxypeptidase action and the stability of 
amino acid carboxyl groups to exchange, establish that the 
presence or absence of excess O'* in amino acids released from 
carboxypeptidase digestion in an H,O* medium, depends en- 
tirely upon their position as terminal or interior amino acids. 
The validity of the approach thus appears adequately estab- 
lished. 

The aldolase used in these experiments appears to be homo- 
geneous as ascertained by ultracentrifugal (23) and electro- 
phoretic analyses (24), and behavior on column chromatog- 
raphy,® and its constancy of catalytic activity upon repeated 
recrystallization. If the aldolase is indeed homogeneous, the 
following applies. The results show clearly that all the tyro- 
sine released by carboxypeptidase digestion was from COOH- 
terminal positions. Since three tyrosine residues are liberated 
per mole of aldolase (7), the molecule contains at least three 
chains terminating in tyrosine. Inasmuch as release of the 
three tyrosines is rapid, and little or no further release of tyro- 
sine occurs with continued incubation, it is probable, but not 
certain, that the aldolase contains only three chains terminating 
in tyrosine. 

The amount of O* found in the alanine released, together 
with the knowledge that two alanines are released per aldolase 
molecule when only traces of other amino acids are released (7), 
shows that the alanine residues are located immediately behind 
the tyrosines. Whether they are distributed between one or 
two chains is uncertain. The finding of only 2 and not 3 ala- 
nine residues released argues against the possibility that the 
aldolase molecule consists of three identical chains. The dem- 


» onstration that the alanine molecules occupy interior positions 


means that the aldolase molecule either contains only three 
chains, which appears likely, or that other COOH-terminal 
chains are resistant to carboxypeptidase attack under the con- 
ditions used. 

As mentioned before, Udenfriend and Velick (8) determined 
the NH--terminal groups of aldolase with the p-iodophenyl- 
sulfonyl chloride technique and found 2 NH.-terminal proline 
residues. However, this technique has been shown by these 
workers to yield low results with insulin and hemoglobin (8), 
two proteins whose NH;-terminal residues have been determined 
by other independent means (25, 26). It is therefore quite 
possible that in the case of aldolase as well, low results were 
obtained. But if the value of 2 chains reported by these work- 
ers is real, then aldolase, possessing 2 NH--terminal and at least 3 
COOH-terminal residues, must possess a cyclic peptide chain. 

The demonstration that all the tyrosines released by carboxy- 
peptidase digestion of aldolase occupy COOH-terminal positions, 
together with the previous findings on catalytic activity changes 
accompanying the digestion (7), means that one or more of the 


5’ Column chromatography in this laboratory by Dr. E. W. 
Westhead on phosphorylated cellulose columns shows that sev- 
eral times recrystallized aldolase contains minor fractions com- 
prising a few % of the total protein, but with the same specific 
activity toward fructose diphosphate as does the major fraction. 
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COOH-terminal residues has a very important function in the 
aldolase catalysis. This is the initial demonstration of a promi- 
nent role of a COOH-terminal amino acid in enzymic catalysis. 

The technique reported here is of general use in the deter- 
mination of COOH-terminal residues of proteins. The condi- 
tions required are extremely gentle, which make it possible to 
study proteins in their native as well as their denatured states. 
Stoichiometric release of the amino acid is not required, al- 
though desirable. Neither is quantitative recovery of the re- 
leased amino acid required. One limitation is the necessity of 
use of the stable isotope, O08. Although the amounts of aldolase 
used in this experiment were of the order of grams (this was 
solely because of the ease of preparation of the aldolase) much 
smaller amounts could have been used with correspondingly 
larger dilutions by carrier. Use of H,O" of higher O'* concen- 
tration such as 5 or 10% which is now commercially available 
would reduce the amounts of protein required even further. In 
addition, the use of more sensitive means of O"* detection, for 
instance by conversion by bombardment to radioactive F" 
(27-29), might extend qualitative and quantitative applications 
of the approach. 


SUMMARY 


A new method of determination of COOH-terminal amino 
acid residues in proteins is described, together with its applica- 
tion to rabbit muscle aldolase. The method is based upon 
carboxypeptidase digestion in H.O"*; amino acids released from 
the COOH-terminal position do not contain excess O"8, whereas 
those from interior positions contain excess O'* derived from the 
H.O*. Various control experiments establish the validity of the 
approach. It should be of general use for determination of 
COOH-terminal residues in polypeptides. 

The results show that rabbit muscle aldolase contains at least 
3 COOH-terminal tyrosine residues, and 2 alanine residues 
which are in the interior of the chain or chains immediately 
before one or two of the tyrosine residues. 


REFERENCES 


1. Kowausky, A., Federation Proc., 18, 265 (1959). 

2. AKABORI, 8S., Onno, K., AND Narita, K., Bull. Chem. Soc. 
Japan, 25, 214 (1952). 

3. Niu, C., AND FRAENKEL-ConratT, H., J. Am. Chem. Soc., 
77, 5882 (1955). 

4. CHIBNALL, A. C., AND REEs, M. W. in G. E. W. Wotsten- 


Determination of COOH-Terminal Residues 


25. 
. Porter, R. R., aNp SANGER, F., Biochem. J., 42, 287 (1948). 
27. 


Vol. 235, No. 


HOLME AND M. P., Cameron (Editors), Ciba Foundation 
symposium on the chemical structure of proteins, J. and A. 
Churchill, Ltd., London, 1953, p. 70. 


. FRAENKEL-Conrat, H., Harris, J. I., anp Levy, A. L., in 


D. Guicx (Editor) Methods of biochemical analysis, Vol. 
II, Interscience Publishers, Inc., New York, 1955, p. 375. 


. IKENAKA, T., AND JIRGENSONS, B., Abstracts of the 136th 


Meeting of the American Chemical Society, Washington, 
1959, p. lc. 


. Drecus er, E. R., Boyer, P. D., anp Kowa.sky, A., J, 


Biol. Chem., 234, 2627 (1959). 


. UDENFRIEND, S., AND VELICcK, S. F., J. Biol. Chem., 190, 733 


(1951). 


. Taytor, J. F. in S. P. CoLtowick anp N. O. Kapuan (Edi- 


tors), Methods in enzymology, Vol. I, Academic Press, Inc., 
New York, 1955, p. 310. 


. JAGANNATHAN, V., SINGH, K., AND DAMODARAN, M., Biochem, 


J., 63, 94 (1956). 


. BARANOWSKI, T., AND NIEDERLAND, T., J. Biol. Chem., 180, 


543 (1949). 


. Davie, E. W., ano NeEurRATH, H., J. Biol. Chem., 212, 515 


(1955). 


. Goopwin, T. W., ano Morton, R. A., Biochem. J., 40, 628 


(1946). 


. Foun, O., AND Croca.tTev, V., J. Biol. Chem., 73, 627 (1927). 
. Trout, W. T., AND Cannan, R. J., J. Biol. Chem., 200, 803 


(1953). 


. Spies, J. R., in S. P. Cotowick anp N. O. Kaptan (Editors), 


Methods in enzymology, Vol. III, Academic Press, Inc., 
New York, 1957, p. 474. 


. Harrison, W. H., Boyer, P. D., anp Fatcong, A. B., J. 


Biol. Chem., 215, 303 (1955). 


. JoHNSON, J. B., AND Dascuavsky, P. G., J. Biol. Chem., 


62, 725 (1925). 


. Ponticorvo, L., AND RITTENBERG, D., Intern. J. Appl. Ra- 


diation and Isotopes, 1, 208 (1956). 


. AsTator, A., AND DALGLEIsH, C., J. Chem. Soc., 1498 (1958). 
. STAHMANN, M. A., FrutTon, J. S., aND BERGMANN, M., J. 


Biol. Chem., 164, 753 (1946). 


. Sprinson, D., AND RITTENBERG, D., Nature, 167, 484 (1951). 
. Taytor, J. F., anp Lowry, C., Biochim. et Biophys. Acta, 


20, 109 (1956). 


. Taytor, J. F., GREEN, A. A., AND Cort, G. T., J. Biol. Chem., 


173, 591 (1948). 
SANGER, F., Biochem. J., 39, 507 (1945). 


DuBrRIpGE, L. A., BARNEs, S. W., Buck, J. H., AND STRAIN, 
C. V., Phys. Rev., 63, 447 (1938). 


. FOGELSTROM-FINEMAN, I., HotM-HANSEN, O., TOLBERT, B., 


AND CaLvIN, M., Intern. J. Appl. Radiation and Isotopes, 
2, 280 (1957). 


. VoN FLECKENSTEIN, A., GERLACH, E., JANKE, J., AND Mar- 


MIER, P., Naturwissenschaften, 46, 28 (1959). 


5 
7 
t 
0 
14 
15 6 
1 6 
12Z 
17 
0 
e 
92 n 
| 
24 
Ct 
n 
tl 
28 
4 
re 
p 
D 
W 
5} 
th 
re 
is 
th 
al 


Tut JOURNAL OF BioLoGicaL CHEMISTRY 
Vol. 235, No. 3, March 1960 
Printed in U.S.A. 


The Physical Properties of Metal-free Carboxypeptidase * 


JoHun A. RupLeEYt AND HANS NEURATH 


From the Department of Biochemistry, University of Washington, Seattle, Washington 


(Received for publication, October 13, 1959) 


Pancreatic carboxypeptidase is a zinc metalloenzyme contain- 
ing one gram atom of zinc per mole of protein (3, 4). Although 
the metal is sufficiently firmly bound to accompany the protein 
through successive crystallizations in stoichiometrically constant 
proportions, it can be removed by dialysis against 1, 10-phenan- 
throline (3, 5, 6) or by dialysis against buffers of pH below 5.5. 
In either event, removal of the metal results in a concomitant loss 
of enzymatic activity which can be regained by the addition of 
zinc or by each of several metals of the first transition period (5, 
6). Several of these metallocarboxypeptidases containing 1 gram 
atom of metal per mole of enzyme, have been recently character- 
ized and the interconversion of two of these, z.e. the zine and 
cobalt enzyme, has been demonstrated (7). 

With a view towards elucidating the spatial environment and 
function of zine in the structural organization of native carboxy- 
peptidase, a comparison has been undertaken in the present work 
of several physical properties of the native and the metal-free 
enzyme. Measurements of the electrophoretic and ultracen- 
trifugal behavior, optical rotation, x-ray crystallography, pH- 
stability, and of the binding of a competitive inhibitor of the 
native enzyme have been carried out to determine the contribu- 
tion of the metal to the structural and functional integrity of this 
enzyme. Although zine was found to be essential for both the 
catalytic activity and the binding of a competitive inhibitor, the 
metal-free apoenzyme could not be distinguished from native 
carboxypeptidase by any of the physical criteria which relate to 
the gross configuration of the molecule. 


EXPERIMENTAL 


Special precautions were taken to avoid metal contamination 
of all solutions. Glassware was cleaned, and reagents were pre- 
pared as described by Thiers (8). Salt solutions, prepared from 
reagent grade chemicals, were rendered free of metals as pre- 
viously described (6). Dialysis tubing was Visking-Nojax casing 
prepared according to the method of Hughes and Klotz (9). 
Determinations of the zinc content of metal-free solutions were 
routinely performed to test for possible metal contamination. 

Protein concentration was determined from the minimum dry 
weight at 104° of 10% trichloroacetic acid precipitates (10), or 
spectrophotometrically, with the extinction coefficient i. aa 
19.4 (6). 


* The term ‘‘carboxypeptidase’’ refers to carboxypeptidase A, 
the enzyme originally described by Anson (1). A preliminary 
report of the present work has been published (2). 

+t Predoctoral Fellow, National Science Foundation. This work 
is part of a thesis submitted by J. A. Rupley to the Graduate 
School of the University of Washington in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. Present 
address, Cornell University, Dezartment of Chemistry, Ithaca, 
New York. 


Carboxypeptidase activity was determined by peptidase assay 
with the substrate CGP! (11). Activity determinations were 
performed at 0° to permit the use of higher enzyme concentra- 
tions, and thus reduce the reactivation due to spurious metal 
contaminants. In certain experiments carboxypeptidase ac- 
tivity was measured by titration with HPLA as substrate (12). 

Carboxypeptidase, six and eight times crystallized, was pre- 
pared according to the method of Allan et al.? from an acetone 
powder of beef pancreas glands (a gift from Eli Lilly and Com- 
pany). The enzyine contained 0.97 to 1.00 g atom of zine per 
mole, and negligible amounts of other metals. The protein was 
homogeneous when examined by moving boundary electro- 
phoresis in 0.3 ionic strength LiCl buffers of pH 6.6 to 10.5, and 
by ultracentrifugal analysis in 1.0 mM NaCl, 0.1 m Tris buffer of 
pH 7.0. Less than 2 x 10-*% chymotrypsin was present when 
assayed with acetyl-L-tyrosine ethyl ester as substrate. 

Metal-free carboxypeptidase was obtained from solutions of the 
crystalline, native enzyme by dialysis at 0° against buffers of 
pH 7.0 containing 1,10-phenanthroline (6). The buffer was 
changed six times during a period of 3 days, and the chelating 
agent was subsequently removed by repeated dialysis against 
metal-free buffer. Approximately 5 to 8% of the zinc content 
and enzymatic activity of the native enzyme remained. The 
preparations were stored in the cold. 

Except where noted, the metal-free protein was crystallized 
twice by dialysis against metal-free buffers of low ionic strength, 
the procedure used for the crystallization of native carboxy- 
peptidase. The polyhedral crystals, shown in Fig. 1, were ob- 
tained from solutions containing approximately 1° protein. 
The recrystallized material exhibited 7°, of the zine content and 
7% of the activity of the native enzyme and regained 90% of the 
specific activity on dilution in buffers containing 5 & 10-°M Zn**. 

Zine analyses were performed as described previously (13). 
Solutions containing protein were first subjected to trichloroacetic 
acid precipitation (10). 

Standard zinc solutions were prepared from weighed amounts 
of reagent grade metal dissolved in dilute, metal-free hydro- 
chloric acid. 

Phenylacetic acid-1-C“ was obtained from Tracerlab, Ine., and 
had a specific radioactivity of 0.5 me per millimole. Aliquots of 
solutions of this compound in 1.0 mM NaCl, 0.1 m Tris buffer, pH 
7.0, were dried on planchets. Radioactivity was subsequently 
determined on these samples, with the use of a gas flow counter 
model D-47 equipped with a Micromil window and a model 183 


1The abbreviations used are: CGP, carbobenzoxyglycyl-L- 
phenylalanine; HPLA, hippuryl-d,l-phenyllactic acid. 

2B. J. Allan, P. J. Keller, and H. Neurath, in preparation. 

3 We are indebted to Dr. Bert L. Vallee of the Biophysics 
Research Laboratory, Harvard University Medical School, for 
spectographic analyses of these samples. | 
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Fic. 1. Photomicrographs of crystals of metal-free carboxypeptidase. 


Scaling Unit, manufactured by Nuclear-Chicago Corporation. 
A model C-110B automatic sample changer and model C-111 
printing timer were used in conjunction with the above instru- 
ments. Due to the high and constant concentration of salts 
present, a linear relation was observed between the counts per 
minute and the concentration of phenylacetate-1-C™. The de- 
terminations were made in triplicate, with a standard deviation 
of approximately 

Sedimentation analyses were carried out at 59,780 r.p.m. in the 
Spinco model E ultracentrifuge, equipped with the phase plate 
modification of the optical system and a rotor temperature- 
indicating and control unit. To avoid metal contamination of 
the metal-free proteins, a Kel-F center section for the standard 
sedimentation cell was employed; center section and windows 
were rinsed before each run with 0.01 mM Versene (ethylenedi- 
aminetetraacetate), and then with deionized water. The cells 
were filled with acid-cleaned syringes fitted with polyethylene 


tips. Sedimentation constants were calculated from least 
squares slopes as discussed by Schachman (14) and were cor- 
rected to 20° with water as the solvent, with Equation 6 of 
Schachman. The viscosities and densities of the various buffers 
were calculated from the density and viscosity increments for the 
separate components, given by Svedberg and Pederson (15) for 
sodium chloride, sodium acetate, and acetic acid; and for Tris 
buffer as determined in this laboratory. 

Optical rotation was measured with a Rudolph High Precision 
Polarimeter No. 80, equipped with a sodium vapor lamp. The 
temperature Was maintained at 0 + 0.5° by circulating a cooling 
mixture through the jacket of a 2-dm cell. 

pH determinations were performed at room temperature with 
a Cambridge Research model pH meter, and, where noted, at 0° 
with a Beckman model N instrument. For measurements in the 
alkaline region, corrections were applied by calibration against 
solutions of 0.01 and 0.1 m NaOH in 1.0 mM NaCl. The pH of 
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the-c standards was determined from Equation 16 of Bates (16), 
wit!: the use of previously determined values of the ion product 
of water (17) and the mean activity coefficient of sodium hy- 
droxide (18, 19). 

Reactivation of Metal-free Carboxypeptidase—In order to meas- 


ure the potential activity of metal-free carboxypeptidase, stock 


solutions of this protein were diluted with the buffer used for 
peptidase assay to which ZnCl. had been added (1.0 mM NaCl, 0.5 
m Tris, pH 7.5,5 ZnCl.). After the further addition 
of substrate and Zn-free buffer, the final Zn++ concentration was 
1x 10-°m. ‘Triplicate determinations of the enzymatic activity 
demonstrated that this concentration of metal did not inhibit the 
native enzyme (6), and restored full activity of the metal-free 
protein, within the experimental error of 5%. 

analyses were performed in 
the Spinco model H instrument with proper precautions to avoid 
metal contamination. The cells and the syringes used to fill 
them were soaked in 1:1 nitric acid. All buffers were extracted 
with dithizone. Upon completion of the electrophoretic analysis 
the solutions were recovered from the cell bottom and analyzed 
for zinc content and enzymatic activity. The metal-free pro- 
tein contained less than 11% of the zine content and enzymatic 
activity of the native enzyme, whereas 95 to 110% of the ex- 
pected value was found after electrophoresis of native carboxy- 
peptidase. 


RESULTS 


Klectrophoresis—F ig. 2 presents the results of electrophoretic 
analysis, at pH 6.6 to 10.5, of noncrystallized metal-free and of 
crystalline native carboxypeptidase in the buffers described in 
the legend of Fig. 2. Within the range of pH 7.5 to 10.5 the 
metal-free protein is resolved into two electrophoretic compo- 
nents; the mobility of the larger, slower moving one, represented 
by ©-——O, comprising 80 to 90% of the total protein, is 
identical with that of the native enzyme over the entire pH range 
studied, whereas the mobility of the minov compound (@——B) 
is higher. At pH 6.6 and below, the metal-free protein is in- 
soluble at ionic strength 0.30, thus precluding electrophoretic 
analysis in the acid range. In agreement with earlier work, no 
such solubility limitations were encountered with native carboxy- 
peptidase, for which an isoelectric point of 5.60 was found in LiCl 
buffers of 0.3 ionic strength. This value is slightly lower than 
the value of 5.95 reported for the native enzyme in LiCl buffers 
of 0.2 ionic strength (20). The identical mobility observed for 
the major component of the metal-free protein and for native 
carboxypeptidase between pH 6.6 and 10.5 suggests that the two 
proteins have identical isoelectric points. 

Nature of Fast Electrophoretic Component in Metal-free Carboxy- 
peptidase—In order to elucidate the nature of this component, 
an electrophoretic analysis was undertaken of the functional con- 
sequences of the removal of zinc from carboxypeptidase, those 
observed subsequent to its restoration, and finally those due to 
its removal for a second time. After each step, the distribution 
of the electrophoretic component (determined at pH 8.4), zinc 
content, and enzymatic activity were determined. 

Removal of the metal (see “‘Experimental’”’) resulted in the 
appearance of 17% fast component. When this solution of 
metal-free carboxypeptidase was crystallized by reduction of the 
ionic strength, the resulting supernatant solution contained 83% 
and the crystals 8% fast component. Significantly, incubation 
of a sample of the supernatant solution in the presence of 5 X 
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Fic. 2. A plot of electrophoretic mobility against pH for native 
and metal-free carboxypeptidase in LiCl buffer solutions of ionic 
strength 0.30. @——@, native carboxypeptidase; O-—-—O, major 
component; ©——Q, minor component of metal-free carboxy- 
peptidase. Electrophoresis was performed at a field strength of 
2.3 to 2.5 volts per em. The following buffers were employed: 
pH 5.5 to 6.6, 0.28 m LiCl, 0.02 m sodium cacodylate; pH 7.0 to 8.4, 
0.28 m LiCl, 0.02 m Tris chloride; pH 9.2, 0.297 m LiCl, 0.02 m 
glycine; pH 10.5, 0.283 m LiCl, 0.02 m glycine. The pH of the 
buffers was determined at room temperature. 


10-° mM Zn** resulted in the restoration of only 13% of the specific 
activity of the native enzyme. Under the same conditions the 
erystals exhibited 89% of the original specific activity, indicating 
that the fast component had not regained enzymatic activity. 
This conclusion was supported by restoration of the zine to solu- 
tions of the metal-free protein and to solutions of metal-free pro- 
tein crystals. The conditions employed have been previously 
described (6). The specific enzymatic activity of the recon- 
stituted crystals was 12° higher than that of the noncrystallized 
material and, correspondingly, the former contained 12% less 
fast component (6.4 as compared to 18.69). Crystallization of 
the reconstituted protein vielded a crystalline product which ex- 
hibited 96% of the specific activity of the native enzyme and 
less than 5% fast electrophoretic component; in contrast, the 
supernatant solution, like that resulting from crystallization of 
the metal-free protein, exhibited only 13° of the specific en- 
zymatic activity and consisted almost entirely of the fast electro- 
phoretic component. Finally, removal of the zine from the 
crystalline, reconstituted carboxypeptidase resulted in the reap- 
pearance of the fast component (17%). It is clear, therefore, 
that the fast component represents inactive material arising from 
the native or reconstituted enzyme under conditions employed 
for the removal of the metal. Since the fast component binds 
0.84 g atom of zine per mole of protein, as determined by chemical 
analysis of the supernatant solution obtained in the crystalliza- 
tion of reconstituted carboxypeptidase, it is apparent that the 
presence of firmly bound zinc is a necessary but not a sufficient 
requirement for the restoration of enzymatic activity. The lack 
of constancy of electrophoretic mobility which was observed for 
the fast component (values ranging from —2.86 to —4.79 x 
10-° cm? volt~! sec.-') may be a characteristic of the denatured 
state of this material. 
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Fic. 3. Concentration dependence of the sedimentation con- 
stants of metal-free and native carboxypeptidase at pH 4.5 and 
7.0. O——O, crystalline native carboxypeptidase in 0.96 mM NaCl, 
0.096 m sodium acetate buffer, pH 4.5; @——@, crystalline metal- 
free carboxypeptidase in the same buffer of pH 4.5; O-——O, 
crystalline native carboxypeptidase in 1.0 m NaCl, 0.1 m Tris 
chloride buffer, pH 7.0; ®—H, crystalline metal-free carboxy- 
peptidase in the same buffer of pH 7.0; V——Y, metal-free car- 
boxypeptidase solution (before crystallization) in 0.96 m NaCl, 
0.096 m Tris buffer, pH 7.0; A—-—A, native carboxypeptidase in 
2 X 10°* mu 1,10-phenanthroline, 0.96 m NaCl, 0.096 m Tris chloride 
buffer, pH 7.0. The value reported (A) is the average of six 
determinations performed after periods ranging from 1 hour to 7 
days’ incubation in the buffer. For all runs the rotor temperature 
was 0-5°. The least squares lines were calculated from the data 
obtained with the crystalline proteins. pH was determined at 
room temperature. 


I. 2. 


_ Fic. 4. Typical sedimentation patterns obtained with native 

and metal-free carboxypeptidase. The sedimentation constants 
calculated from these patterns are reported in Fig. 4. All analyses 
were performed on solutions containing 10 mg of protein per ml; 
the patterns shown were obtained from 40 to 88 minutes after 
separation of the boundary from the meniscus. /, crystalline 
native carboxypeptidase in 1.0 m NaCl, 0.1 mM Tris chloride buffer, 
pH 7.0; 2, crystalline metal-free carboxypeptidase in the same 
buffer of pH 7.0; 3, crystalline native carboxypeptidase in 0.96 m 
NaCl, 0.096 m sodium acetate buffer, pH 4.5; 4, crystalline metal- 
free carboxypeptidase in the same buffer of pH 4.5. 
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Sedimentation—Fig. 3 shows the concentration dependence of 
the sedimentation constant of crystalline metal-free, and native, 
carboxypeptidase at pH 4.5 and 7.0. Typical sedimentation p:t- 
terns obtained with the two proteins are given in Fig. 4. The 
protein solutions were recovered after completion of the se«i- 
mentation runs and were analyzed for peptidase activity and 
zinc content. The metal-free protein exhibited less than 10% 
of the values for the native enzyme in runs at a protein concen- 
tration of 4 mg per ml or higher, whereas up to 41% of an equiv- 
alent amount of zinc was found in runs at 2 mg per ml of protein, 
owing to spurious metal contamination during sedimentation 
analysis. Treatment of sedimentation data by the method of 
least squares yielded a sedimentation constant, extrapolated to 
zero protein concentration, of s2,. = 3.06 + 0.04 8 at pH 7.0, 
This value agrees well with that of 3.07 S found by Smith et al. 
(21). At this pH the concentration dependence is slight, i.e. 
0.021 + 0.0045 per mg. per ml. The concentration dependence 
at pH 4.5 is nearly 3 times higher, 2.e. 0.061 + 0.005 S per mg 
per ml. However, there was no evidence of dimer formation at 
pH 4.5, as extrapolation of the data to zero protein concentra- 
tion yielded a sedimentation constant s,, = 3.21 + 0.04 § 
only slightly greater than that at pH 7.0. 

The absence of any significant change in sedimentation con- 
stant upon removal of the zinc was confirmed by sedimentation 
analysis of native carboxypeptidase in the presence of 2 « 10-3 
mM 1, 10-phenanthroline, after prior exposure to the chelating agent 
for times ranging from 1 hour to 7 days. The average of six 
sedimentation constants determined over this period was 3.23 + 
0.05 S, in good agreement with the value for the metal-free and 
native proteins in solutions of the same protein concentration (see 
Fig. 3). 

The identity of the sedimentation constants of the metal-free 
protein, and of the minor component observed on electrophoresis 
of the metal-free protein, was established by sedimentation 
analysis of a solution of the non-crystallized, metal-free protein 
containing approximately 20% fast electrophoretic component. 
A single peak was observed, with a sedimentation constant 
identical with that of the metal-free and native proteins (see Fig. 
4). 
Optical Rotation—In order to compare the optical rotations of 
crystalline native and metal-free carboxypeptidase, the proteins 
were dissolved in 1 M NaCl at neutral pH and the optical rotation 
measured after successive changes of 1 to 2 pH units. The pH 
was adjusted by the careful addition of metal-free 0.1 m HCl or 
0.1 to 1.4™M™ NaOH. Measurements of the rotation were made 
within | hour after the change in pH, and the sequence of pH 
changes and measurements was completed within approximately 
5 hours. For the determination of the rotation at pH 4.5 and 
4.7 the protein was dissolved directly in an acetate buffer, since 
the protein precipitated if the pH was lowered to these values 
from the more alkaline range. Protein concentration of the solu- 
tion of pH 7.0 was determined from the absorbancy at 278 mu. 
After adjustment to other pH values, protein concentration was 
corrected for the known dilutions and losses (resulting from filling 
of the cell, sampling, and centrifugation to clarify the solution) 
which were incurred during each measurement. Zinc content 
and enzymatic activities of the metal-free apoenzyme were 5% 
or less of the values for the native protein. 

Fig. 5 shows the specific optical rotation of crystalline native 
and metal-free carboxypeptidase in the pH range of 4.5 to 13.5. 
Although up to pH 12 the points obtained for native and metal- 
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free carboxypeptidase appear to be best described by a common 
line, the specific rotation of the metal-free protein was 2 to 3° 
lower than that of the native. Yet, when the rotations of 
crystalline metal-free and crystalline native carboxypeptidases 
were determined before and after the addition of 1,10-phenan- 
throline (final concentration, 2 * 10-* m) and before and after 
the addition of Zn*+ (zinc-protein mole ratio 1.2:1), no signifi- 
cant change could be observed to result from these additions, 
even after 24 hours (measurements in 1.0 m NaCl, 0.1 m Tris 
buffer, pH 7.0). As these measurements were performed with a 
probable error of 2 to 4% in specific optical rotation, and the 
zinc contamination of the solutions of metal-free enzyme was 
negligibly small, it appears that the slightly lower specific rota- 
tion observed for the metal-free enzyme cannot be attributed to 
the removal of zinc. The specific optical rotation of a solution 
of the metal-free protein, containing 20% fast electrophoretic 
component, was found to be 21.1°, identical with the value for 
the crystalline protein which contained only 8% fast component. 

Crystallographic Analysis‘—Preparations of five-times recrys- 
tallized, native carboxypeptidase, and of twice-crystallized 
metal-free protein prepared from the native enzyme were com- 
pared with each other by single crystal x-ray diffraction. Dif- 
fraction photographs were obtained from crystals kept in equi- 
librium with their mother liquor by the usual technique of 
sealing the crystal and a droplet of mother liquor inside a thin- 
walled capillary. A Buerger-Supper precession camera set to a 
film distance of 10 cm and a precession angle of 8° was employed. 
On the basis of three zero-level principal axis projections, the 
carboxypeptidase crystals were assigned the space group P2,, 
with unit-cell parameters (first setting) given in Table I. There 
was 1 molecule per asymmetric unit, implying that the protein 
does not crystallize as a dimer. The same projections obtained 
with the zinc-free crystals showed the latter to be essentially 
isomorphous with crystals of the native enzyme. The observed 
slight alterations in unit-cell parameters are given in Table I. 
Visual inspection revealed the same intensity distribution for 
both metal-free and native protein, except for the reflections 052 
and 053, which may show reversal of intensities. 

pH-Stability—Previous work (11) has delineated the approxi- 
mate pH limits of stability for carboxypeptidase. The present 
experiments were undertaken to define these limits with more 
certainty and to compare the behavior of native and metal-free 
carboxypeptidase in their stability to extremes of pH. Stock 
solutions of these two proteins were diluted with buffers ranging 
in pH from 2.6 to 14.0, at 0°. At various times samples of these 
solutions were diluted with buffer of pH 7.5 containing 5 x 10-5 
m Zn*++ and subsequently analyzed for esterase activity and ab- 
sorbancy at 278 mu. Thus the irreversible loss of specific activity 
was determined. 

After 62 hours, no significant loss of activity was observed for 
either the metal-free or native carboxypeptidase between pH 4.6 
and 11.3. At pH 2.6, none of the original enzymatic activity 
remained after 62 hours, and only about 10% remained at pH 
3.6. No difference between the metal-free and native proteins 
was observed in the rate of loss of activity at these values of the 
pH, the half-times for the changes being 8 to 10 hours at pH 
3.6 and less than 2 minutes at pH 2.6. In contrast, after 62 hours 
at pH 12.6, only 32% of the metal-free apoenzyme could be re- 
activated by the addition of zinc, whereas the native enzyme 


‘These measurements were performed and interpreted by Dr. 
Joseph Kraut. 
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pH 

Fic. 5. Specific optical rotation of crystalline metal-free and 
native carboxypeptidase at various pH values, at 0°. The solid 
line is drawn through the values obtained with the native enzyme. 
©), crystalline native carboxypeptidase in 1.0 m NaCl; @, crystal- 
line native carboxypeptidase in 1.0 m NaCl, 0.1 m sodium acetate 
buffer, pH 4.49; ©, crystalline metal-free carboxypeptidase in 1.0 
M NaCl; @, crystalline metal-free carboxypeptidase in 1.0 m NaCl, 
0.1 m sodium acetate buffer, pH 4.72. Protein concentration, 8 
to 10 mg per ml, pH measurements at 0°. 


— 


TABLE 


Crystallographic data for native and metal-free carboxypeptidase 
Space group P2;. One molecule per asymmetric unit. 


‘ Value for native Alteration in metal-free 
Unit cell parameters carboxypepti casbeuypeptidnes 
a 47.1 A 1.2% decrease 
b 51.7 A 1.6% increase 
c 60.1 A 0.5% increase 
¥ 97° 25’ no change 


retained 84% of its initial activity. Above pH 13.8, less than 
10% of the initial activity could be observed in solutions of re- 
activated metal-free and of native enzyme, respectively, but the 
half-times for the changes were markedly different, being 7 min- 
utes (metal-free) and 3 hours (native). 

Binding of Phenylacetate—Phenylacetate, like 8-phenylpro- 
pionate, is a bifunctional competitive inhibitor of carboxypep- 
tidase containing a free carboxyl group and an aromatic or 
heterocyclic ring. Although less firmly bound than 6-phenyl- 
propionate (11, 22), phenylacetate-1-C™ appeared well suited for 
equilibrium dialysis studies designed to compare the binding of 
this inhibitor by native carboxypeptidase and the metal-free 
apoenzyme. In these experiments, a solution containing 12 mg 
per ml of metal-free or native carboxypeptidase, dissolved in 1.0 
m NaCl, 0.1 m Tris buffer, pH 7.0, was dialyzed at 0° against the 
same buffer containing phenylacetate-1-C™ in concentrations 
ranging from 0.03 x 10-* to 1.7 xk 10° m. After 3 days of 
dialysis, the radioactivities of the buffer and protein solutions, 
and zinc content and protein concentration of the protein solu- 
tions were determined. ‘The experimental results are plotted in 
Fig. 6 in terms of moles of phenylacetate bound per mole of 
protein at various equilibrium concentrations of phenylacetate. 
It is evi nut that within the limits of experimental error, the 
metal-free ;rotein fails to bind phenylacetate whereas the amount 
of inhibitor ound to the native enzyme increases with increasing 
phenylacctate concentrations. Calculations show that if 1 mole 
of phenylacetate is assumed to be maximally bound per mole of 
carboxypeptidase, the dissociation constant (equal to the con- 
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© 
- 40 -3.5 -30 
LOG [PHENYL ACETATE] 
Fig. 6. The binding of phenylacetate-1-C'* by crystalline na- 
tive (©) and crystalline metal-free (G1) carboxypeptidase. The 
data are plotted as moles of phenylacetate bound per mole of 


protein against the logarithm of the phenylacetate concentration. 
For experimental details see the text. 


MOLES PHENYLACETATE BOUND/MOLE PROTEIN 


centration at which one-half equivalent is bound) would be 
0.8 x 10-* m (at 0°) as compared to 0.4 X 10-* m (at 25°) previ- 
ously calculated from kinetic studies (22). 


DISCUSSION 


Recent investigations (3-7) have established that zinc is an 
integral and functional constituent of pancreatic carboxypep- 
tidase; but the role of the metal in the structural organization of 
the enzyme is unknown. The isolation and crystallization of 
the metal-free apoenzyme facilitates an experimental approach 
to this problem by providing means for a direct comparison of 
the physical properties of the native and metal-free proteins. 
The results of such an investigation are essential for establishing 
a correlation between the functional role of the metal in enzy- 
matic catalysis and its contribution to the chemical structure 
and configuration of the enzyme protein. 

The lack of sensitivity of the gross structure of the enzyme to 
the removal of the metal is perhaps the most significant, and in- 
tuitively least expected finding emerging from the present in- 
vestigation. Thus, native and metal-free carboxypeptidase have 
identical electrophoretic mobilities over a wide pH range, identi- 
cal sedimentation properties, similar optical rotations and the 
two proteins form isomorphic crystals. 

The mobility of the main component of the metal-free apo- 
enzyme is indistinguishable over a wide pH range from that of 
the native enzyme, and, by extrapolation, both proteins have 
the same isoelectric point. Such a situation would be expected 
if protons were displaced from the protein in the formation of the 
zinc-protein complex and if, conversely, during dissociation these 
were to be taken up again from the solvent. The resulting 
change in net charge would be zero. If displacement of charges 
on the protein had not occurred in the formation of the metal- 
protein complex, removal of the metal ion would result in a 
change of charge on the protein unless binding of anions takes 
place concomitantly with binding of the zinc. It would be of 
interest, therefore, to examine the titration curves of native and 
metal-free carboxypeptidase in order to determine the pH region 
and the magnitude of possible shifts in ionization steps. 

By definition (23), the minor electrophoretic component, which 
appeared upon removal of the metal, is a denatured form of the 
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metal-free apoenzyme. Although indistinguishable from the lat 
ter in sedimentation behavior, optical rotation, and ability to 
bind zinc, it fails to crystallize; even more significantly, it does 
not regain enzymatic activity upon binding of Zn++. This minor 
component is not the same as that reported by Putnam and 
Neurath (20) for native carboxypeptidase in solutions above pH 
8.5 as the native enzyme used in the present work was electro- 
phoretically homogeneous over the pH range from 5.5 to 10.5. 

Native and metal-free carboxypeptidase exhibit identical sedi- 
mentation behavior at two different pH values, with no apparent 
difference in homogeneity. Sedimentation of the native zinc en- 
zyme in the presence of sufficient 1,10-phenanthroline to cause 
dissociation of the metal (3, 6) similarly had no effect on the 
sedimentation rate, in contrast to glutamic dehydrogenase (24) 
and yeast alcohol dehydrogenase (25) which under such condi- 
tions dissociate into smaller components. This resistance of 
carboxypeptidase to molecular dissociation is in accord with 
studies of the chemical structure of the protein which indicate 
that the molecule consists of a single polypeptide chain (26, 27). 
The different concentration dependence of the protein at pH 7.0 
and 4.5, respectively, is worthy of note but not readily interpret- 
able. 

The specific optical rotation of carboxypeptidase, native or 
metal-free, is unusually low and rather insensitive to changes in 
pH. The value of [a]; = —18° is considerably below the val- 
ues of — 30 to — 70° usually encountered with native proteins (28). 
Low levorotation has been attributed to a high degree of folding 
of the polypeptide chain, and on the basis of the estimates of 
Yang and Doty (29) carboxypeptidase would be approximately 
70% in a helical configuration. Whereas over the pH range of 
6 to 11.5 the native and metal-free proteins have identical spe- 
cific rotations, the apoenzyme shows a somewhat greater sensi- 
tivity in rotation in the more alkaline pH range than does the 
native enzyme, a finding which is in accord with pH stability 
studies. 

Although native and metal-free carboxypeptidase are iso- 
morphous to within approximately 1% change at 6 A resolution 
(Table I), the changes in unit-cell parameter which have been 
observed are real. They may not be significant as changes in 
hydration and salt content may have resulted from slightly 
varied conditions of crystallization. A relatively large change in 
structure of a small region of the molecule resulting from removal 
of the metal may likewise account for the observed changes, but 
a gross rearrangement of the molecule is ruled out. 

The preceding physical methods reflect the over-all structure 
of the protein but do not detect configurational changes which 
are limited to a small region of the molecule. However, a lower 
stability of the metal-free protein in alkaline solutions is observed 
by measurements of enzymatic activity. Similar behavior has 
been reported for native and calcium-free amylase from B. 
subtilis (30). 

Even more significant is the finding that the metal-free protein 
fails to bind phenylacetate under conditions where this com- 
petitive inhibitor is bound by native carboxypeptidase. This 
all-or-none behavior requires either that the metal atom of the 
native enzyme is required for coordination with the inhibitor, or 
that the metal confers a configuration on the enzyme which is 
essential for the formation of the protein-inhibitor complex. 
Whatever the explanation may be, the present findings strongly 
suggest that in carboxypeptidase zinc contributes to the forma- 
tion of the enzyme-substrate complex and perhaps to the cata- 
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lytic step as well, since phenylacetate may be considered an in- 
hibitory structural analog of specific substrates (22). 


SUMMARY 


A crystalline, metal-free apoenzyme has been prepared from 
crystalline carboxypeptidase. The two proteins show identical 
properties with respect to sedimentation analysis, electrophoretic 
mobility, isoelectric point, optical rotation, and x-ray crystal- 
lography. Although on the basis of these findings zinc appears 
to have no effect on the gross physical properties of the protein, 
the contribution of the metal to a small structural region of the 
molecule is indicated by its failure to bind phenylacetate, a com- 
petitive inhibitor of the native enzyme, and by a greater sus- 
ceptibility of the apoenzyme to alkali denaturation. A minor 
electrophoretic component associated with preparations of the 
apoenzyme has been identified as denatured material arising 
under the conditions employed for removal of the metal. The 
specific optical rotation of native or metal-free carboxypeptidase 
is unusually low and insensitive to changes in pH. 
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In a recent communication (1) we described the purification 
and properties of a soluble alanine dehydrogenase isolated from 
cell-free extracts of the H37Ra strain of Mycobacterium tubercu- 
losis. This enzyme catalyzes the diphosphopyridine nucleotide- 
linked oxidative deamination of L-alanine to pyruvate. During 
the study of this enzyme it was observed that Terramycin! in- 
hibits the oxidative reaction but not the reverse reductive step. 
Furthermore only crude or partially purified enzyme preparations 
show this inhibition; purified preparations are insensitive to the 
antibiotic. The inhibition is moderate but reproducible. In- 
vestigation of these findings has lead to the conclusion that Ter- 
ramycin inhibits the alanine dehydrogenase only in the form of a 
metal chelate. Inhibition of enzyme systems by metal chelates 
of antibiotics has often been proposed as a mechanism of anti- 
biotic action but little or no evidence has been presented on be- 
half of this proposal (2). 


EXPERIMENTAL PROCEDURE 


Cell-free extracts of H37Ra? were prepared by sonic oscillation 
(3). Alanine dehydrogenase assays and spectral measurements 
were made in the recording spectrophotometer of Process and In- 
struments, Brooklyn, New York (Model RS-3). The enzyme 
was assayed with and without Terramycin; inhibition is expressed 
as the percentage decrease in the rate of DPN reduction. 

Terramycin and tetracycline were the gifts of Dr. Takeru Hi- 
guchi, Department of Pharmacy, University of Wisconsin. Other 
derivatives of tetracycline were the gifts of Dr. Charles Stephens, 
Charles Pfizer and Company, Inc. 

Aqueous solutions of the tetracyclines (unbuffered) were pre- 
pared daily and stored at 0° until used. The amount of buffer 
used in the alanine dehydrogenase assay is sufficient to prevent 
alteration of pH on addition of the drug. 


RESULTS 


The preliminary experiments leading to the conclusion that a 
metal chelate of Terramycin is the enzyme inhibitor will not be 
described in detail since, in general, they are repeated with the 
known chelates. The following results were obtained: (a) Crude 
preparations of alanine dehydrogenase are inhibited 20 to 25% 


* Supported, in part, by a research grant from the Wisconsin 
Alumni Research Foundation, administered by the Research Com- 
mittee of the University of Wisconsin and by a research grant 
(E 1653-C1) from the National Institute for Allergy and Infectious 
Diseases, United States Public Health Service. , 

1 Terramycin is the registered trademark of Charles Pfizer and 
Company, Inc., for the antibiotic oxytetracycline. 

? 1137Ka is the H37Ra strain of Mycobacterium tuberculosis. 


by Terramycin (80 to 100 ug per ml). (6) The loss of inhibition 
attendant on purification of the enzyme is restored by the addi- 
tion of a second protein fraction which contains no alanine de- 
hydrogenase activity. (c) The inhibition isnoncompetitive with 
respect to both L-alanine and DPN. (d) Dialysis of the second 
protein fraction does not change the inhibition pattern. (e) The 
factor contained in this second fraction is heat-stable and, after 
boiling of the fraction, is dialyzable and is adsorbed onto Dowex 
50 (H+) but not onto Dowex 1 (Cl-). (f) Preincubation of the 
alanine dehydrogenase with either the second protein fraction or 
its boiled extract has no effect on either the extent or nature of 
the inhibition. (g) Addition of the boiled extract of the second 
fraction (with or without alanine dehydrogenase) to a solution of 
Terramycin at pH 9 produces a marked change in the visible ab- 
sorption spectrum of Terramycin. 

These facts lead us to the tentative conclusion that a metal 
ion is involved in this inhibition. Several metal ions (Cutt, 
Fet++, Fe+++, Mg++, Zn++, Mn++) were each combined with Ter- 
ramycin and the resulting difference spectra were compared with 
that of the Terramycin-boiled extract combination. Although 
all these metal chelates of Terramycin have distinctive absorp- 
tion spectra only that of the Mg-chelate is identical with that of 
the Terramycin-boiled extract combination. This is shown in 
Fig. 1. When Mg*t is added to purified preparations to alanine 
dehydrogenase in the presence of Terramycin, inhibition of the 
enzyme is immediately obtained. Fig. 2 shows the inhibition of 
alanine dehydrogenase as functions of the Mg++ and Terramycin 
concentrations. 

Effect of pH on Mg-Terramycin Chelate—The 417 my minimum 
of the Mg-Terramycin absorption spectrum decreases as the pH 
is lowered from 10 and disappears by pH 7.6; the 381 my maxi- 
mum remains essentially unchanged (Fig. 3). The alanine de- 
hydrogenase is not markedly affected by alterations in pH be- 
tween 9 and 10. The inhibition of the dehydrogenase by the 
Mg-Terramycin chelate falls off sharply as the pH is lowered 
from 10 to 9. It appears, then, that the Mg-chelate does not 
readily form below pH 9. Since the reductive amination of 
pyruvate catalyzed by the alanine dehydrogenase is carried out 
at pH 8.6 little, if any, chelate will be present. This probably 
explains the lack of inhibition of the reductive reaction by Terra- 
mycin with or without Mgtt. 

Type of Inhibition—Fig. 4 shows that the inhibition obtained 
when the Mg-Terramycin chelate acts on the alanine dehydro- 
genase is noncompetitive with respect to DPN. Similar experi- 
ments show that the inhibition is also noncompetitive with re- 
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spect to L-alanine. It is not clear why the inhibition is limited 
to about 40 to 50%. 

Mgt** Content of Alanine Dehydrogenase Preparations—The in- 
sensitivity of purified preparations of alanine dehydrogenase to 
Terramycin is due to a progressive loss of Mg++ during the puri- 
fication procedure. This is shown in Fig. 5. 

Specificity of Metal for Terramycin Inhibition of Alanine De- 
hydrogenase—Several metals (Zn++, Cu++, and Hg**) are in- 
hibitors of the alanine dehydrogenase in the absence of Terra- 
mycin. A number of other metals were tested in this system and 
show inhibition of the dehydrogenase in the presence of Terra- 
mycin. The results are shown in Table I. 

Effect of Changes in Terramycin Molecule on Chelate Formation 
and Alanine Dehydrogenase Inhibition—Several derivatives of 
tetracycline were tested for chelate formation (as measured by 
spectral changes in the presence of Mg++) and enzyme inhibition. 
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Fic. 1. Difference spectra of Mg-chelates of Terramycin com- 
pared with that of the boiled extract-Terramycin combination. 
The reference cuvette contained 100 uzmoles of 2-amino-2 methyl- 
1,3-propanediol buffer (pH 9.8), 25 wg of Terramycin, and water 


‘to a final volume of 1.0 ml. The sample cuvette contained, in 


addition; O——O, 20ul of boiled extract; X——X, 0.03 umole of 
Mgt+; and A——A, 0.10 umole of Mg**t. 
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Fig. 2. Effect of variations in Terramycin and Mg** concentra- 
tions on the rate of the alanine dehydrogenase reaction. Each 
cuvette contained 0.026 mg of partially purified enzyme and Mg** 
as shown. Terramycin concentrations were: O——O, 0.060 mg 
per ml; @——@, 0.10 mg per ml; and X——-%, 0.14 mg per ml. 


D. S. Goldman 617 


O20F {020 

> 

> 

5 

T + 

<I 


Fic. 3. Effect of pH on the absorption peaks of the Mg-Terra- 
mycin chelate. The reference cuvette contained 40 umoles of 
2-amino-2-methyl-1 ,3-propanediol buffer, 0.025 mg of Terramycin, 
and water to a final volume of 1.0 ml. The sample cuvette con- 
tained, in addition to these components, 0.15 umole of Mg**. 
@——@, 375 mz maximum; O——O, 417 my minimum. 
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Fic. 4. Noncompetitive inhibition of crude and purified alanine 
dehydrogenase by the Mg-Terramycin chelate. Each cuvette 
contained, in pmoles: 2-amino-2-methyl-1,3-propanediol buffer of 
pH 9.8 (100), t-alanine (10), MgCl: (0.10), DPN as shown, enzyme, 
and water to a final volume of 1.0ml. Terramycin concentrations 
were: O——O, no Terramycin added; X——X, 0.10 mg per ml, 
and @——@, 0.16 mg per ml. Series A, 0.306 mg of a crude de- 
hydrogenase was used; Series B, 0.184 mg of a 5-fold purified de- 
hydrogenase was used. 


The following compounds show chelate formation and are in- 
hibitors in the chelate form: tetracycline, Terramycin, Aureo- 
mycin, tetracyclinonitrile, anhydroaureomycin, anhydrotetra- 
cycline, and desdimethylamino-12a-desoxyoxytetracycline. The 
following compounds showed no evidence of chelate formation 
under our assay conditions and were not inhibitory either with 
or without Mg*?: isotetracycline, apoterramycin, 10-benzene- 
sulfonyloxytetracyclinonitrile, 10-benzenesulfonyltetracyclinoni- 
trile, and oxytetracycline dimethyl ether. We found no tetra- 
cycline derivative which showed chelation without inhibition and 
vice versa. Other chelators of increasing complexity (ethylene- 
diaminetetracetate, 8-hydroxyquinoline,? and 2-methy]l-5,8-di- 
hydroxy-1,4-naphthoquinone’) are not inhibitory either alone 
or in the presence of Mg++. It may be concluded that the A, B, 
and C rings of the tetracycline molecule must be intact and that 
the functional groups at C-10, -11, and -12 must be present and 
unsubstituted to permit this chelation and inhibition to take 


* The gift of Dr. Helmut Beinert. 
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Fic. 5. Mg** content of alanine dehydrogenase preparations. 
The reference cuvette contained 100 umoles of 2-amino-2-methyl- 
1,3-propanediol buffer of pH 9.8, 0.10 mg of Terramycin, and water 
to a final volume of 1.0m]. The experimental cuvettes contained, 
in addition to these components: @——®@, 0.05 umole of Mgt; 
x——xX, 0.054 mg of 3-fold purified dehydrogenase, and O——O, 
1.43 mg of 7-fold purified dehydrogenase. 


Absorbance 


TABLE I 


Inhibition of alanine dehydrogenase by certain cations 
and their Terramycin chelates 


Alanine dehydrogenase inhibition 
Without With 
Terramycin Terramycin 

None 0 0 
Mg** 1 10~ 0 46 
Mn** 1 X 1074 0 27 
Zn** 1 X 10-4 90 
Zn** 2.5 107° 59 
Zn** 5 & 10-6 22 
Ca** 1 10-4 0 31 
Sn** 1 0 10 
Cu** 1 xX 1074 36 64 
Hg** 1 10-4 100 
Fe** 1 | 0 54 
Co*+ 1 xX 10-4 | 19 51 
Fe***+ 1 x 10-4 | 0 57 
Ni** 1 10-4 | 0 47 
Al*** 1 X 0 52 


place. It is of some interest that of the seven inhibitory tetra- 
cycline derivatives only two (tetracyclinonitrile and desdimethyl- 
amino-12a-desoxyoxytetracycline) are devoid of antibiotic ac- 
tivity. None of the noninhibitory derivative group have 
antibiotic activity.‘ 


Effect of Terramycin on Alanine Dehydrogenase of Bacillus sub- | 


*C. E. Stephens, personal communication. 
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tulis—Fairhurst et al. (4) described the reductive amination of 
pyruvate by B. subtilis. Wiame and Piérard (5) showed that a 
soluble alanine dehydrogenase is present in cell-free extracts of 
this organism. Since B. subtilis is extremely sensitive to Terra- 
mycin we tested the alanine dehydrogenase of B. subtilis for its 
Terramycin sensitivity. 

B. subtilis® was grown aerobically in medium containing 1.5% 
nutrient broth (Difco) and 0.2% glucose. The cells were har- 
vested and washed by centrifugation. A cell-free extract was 
prepared by sonic oscillation. The crude extract was dialyzed 
for 18 hours against 0.10 m phosphate buffer of pH 7.0; the par- 
ticulate residue was removed by centrifugation (20,000 x g for 
20 minutes). The clear extract was fractionated with ammo- 
nium sulfate at pH 7.5. Alanine dehydrogenase was recovered 
in that fraction precipitating between 0.50 and 0.85 of saturation. 
Neither the crude nor the partially purified enzyme is inhibited 
by Terramycin; Mg*+ had no effect on this reaction. 


DISCUSSION 


The suggestion has been advanced by Hunter and Lowry (2) 
that in certain instances a metal chelate of tetracycline might be 
the actual inhibitor. Up to now only the reports of Weinberg 
(6, 7) and Little et al. (8) lent any support to this possible mech- 
anism. Weinberg showed that Mn++ could enhance the inhibi- 
tion of Pseudomonas aeruginosa by Terramycin; Fett had a simi- 
lar effect but higher concentrations were required than for Mn++. 

The inhibition of the alanine dehydrogenase of M. tuberculosis 
represents the first report of the inhibition in vitro of an enzyme 
by a metal-tetracycline chelate. It should be emphasized that 
although this inhibition is reproducible and takes place at moder- 
ate tetracycline concentrations it can hardly be accepted as the 
primary mechanism of the tetracycline inhibition of M. tubercu- 
losis. The inhibition by the chelate takes place only at high 
pH values and the possibility must be considered that at the nor- 
mal pH of intracellular enzyme complexes an alternate inhibition 
mechanism obtains. Furthermore, the observation that the 
analogous enzyme of B. subtilis is not inhibited by tetracycline 
or its Mg-chelate must raise additional doubts as to the general 
validity of this mechanism. Additional work is required before 
any explanation of this species specificity can be offered. 

The noncompetitive nature of the inhibition is in agreement 
with our hypothesis that the metal chelate is the actual inhibitor. 
Since tetracycline normally forms a chelate containing two tetra- 
cyclines to one Mg**+4 it appears reasonable to conclude that a 
complex is established in which tetracycline is bound to the en- 
zyme through Mg** as a chelate. It therefore appears neces- 
sary to consider more critically the possibility that antibiotics 
inhibit enzyme systems in the form of metal-drug chelates. 


SUMMARY 


Crude preparations of the alanine dehydrogenase of Mycobac- 
terium tuberculosis are inhibited by Terramycin; purification of 
the enzyme leads to a loss in sensitivity to Terramycin. A heat- 
stable, dialyzable factor is required to regain this inhibition. We 
have shown that this factor is in all probability Mg++. A study 
of the metal and structural specificities for this inhibition has led 
to the conclusion that a metal chelate of Terramycin is the actual 
inhibitor. The decrease in sensitivity of the enzyme to Terra- 
mycin on purification has been shown to be due to the progressive 
loss of adventitious Mg++ normally found in crude preparations 
of the dehydrogenase. 


5 The gift of Dr. William Sarles. 
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Vitamin Bg, was shown by Snell (1) to occur in two active forms, 
one an aldehyde (pyridoxal) and the other an amine (pyridoxa- 
mine). The additional observations that transaminases were 
diminished in Vitamin Bg deficiency (2-4) and that purified prep- 
arations of a transaminase apparently contain both forms (5) 
supported his hypothesis that the vitamin functions as a co- 
enzyme or prosthetic group in the transamination reaction. 
O’Kane and Gunsalus (6) obtained preparations of glutamic as- 
partic transaminase which could be activated by incubation with 
pyridoxal 5’-phosphate. This observation was extended by 
Meister et al. (7) who used pure pyridoxal phosphate and pyri- 
doxamine phosphate. They were able to demonstrate an equiva- 
lent activation by either the aldehyde or amino form of the vita- 
min (8). The requirement of incubation for activation and the 
lack of inactivation by dialysis, suggested that the vitamin func- 
tions as a prosthetic group. This paper describes the preparation 
of two active forms of the glutamic aspartic transaminase which 
contain either bound pyridoxal phosphate or pyridoxamine phos- 
phate, and their interconversion by transamination with appro- 
priate substrates. A preliminary communication of these results 
has been made (9). 


MATERIALS 


The glutamic aspartic transaminase was prepared as previously 
described (10). Glutamate, ketoglutarate, pyridoxal phosphate, 
and pyridoxamine phosphate were obtained from the California 
Corporation. Spectroscopic studies were performed in microcells 
with use of a Cary spectrophotometer or a Beckman DU spectro- 
photometer equipped with a photomultiplier. Activation and 
fluorescent spectra were measured with an Aminco-Bowman spec- 
trofluorimeter. 


EXPERIMENTAL 


Preparation of Pyridoxal Glutamic Aspartic Transaminase— 
The transaminase occurs in either pyridoxal or pyridoxamine 
form. ‘To convert all the enzyme to the pyridoxal form, a small 
amount of a-ketoglutarate is added (0.01 to 0.001 m, pH 8.3) and 
the solution is then thoroughly dialyzed against a continuous 
stream of deionized water in a rocking dialyzer. The spectrum 
of the pyridoxal enzyme (10) at pH 4.8 and 8.5 is presented in 
Fig. 1. 


* This work was supported by grants from the National Insti- 
tutes of Health and from Ethicon, Incorporated, and by a National 
Science Foundation Fellowship to one of the authors (W. T. J.). 

+t Present address, Department of Biochemistry, University of 
California, Berkeley, California. 


Isolation of Prosthetic Group—The prosthetic group may be re- 
moved from the enzyme by heating, or by adding acid or alkali, 
It is not removed by Dowex 1-formate, but treatment with 0.1 
NaOH results in the instantaneous liberation of yellow pyridoxal 
phosphate which may then be adsorbed on Dowex 1-formate. 
Isolation of the liberated pyridoxal phosphate was carried out 
essentially by the method of Baranowski et al. (11). To 1 ml 
of 1 n NaOH (carbonate-free) were added 9 ml of the enzyme and 
the protein then precipitated in the cold by the addition of 2 ml 
of 30% trichloroacetic acid. After centrifugation, the superna- 
tant was extracted with ether until no longer acid. The solution 
was mixed with 1 ml of 1 N NaOH and then was placed on a col- 
umn (10 X 0.9cm) of Dowex 1-formate. The elution was carried 
out with a formic acid gradient made by the addition of 4 n 
formic acid to water in a 250-m]l mixing flask. The elution of the 
pyridoxal phosphate was followed by measuring the absorbancy 
at 295 mu. Pyridoxal phosphate from the transaminase was 
eluted in the same fractions as authentic synthetic pyridoxal 
phosphate. These fractions were pooled, and the spectra of the 
pyridoxal phosphate recorded at different pH values against a 
blank containing the same amount of formic acid. The spectra 
in acid and alkali shown in Fig. 2A are identical with those of 
synthetic samples (7) treated in the same way. Activation and 
fluorescence spectra were also identical (Table I). 

Reaction of Glutamic Acid with Pyridoxal Enzyme—The addi- 
tion of a substrate amino acid produces an immediate decrease in 
the pyridoxal enzyme band at 362 my and a concomitant increase 
in absorption at 333 mu. Fig. 3 shows this decrease at 362 mu 
as a function of the concentration of glutamate in a typical ex- 
periment. It is apparent that an equilibrium between enzyme 
and substrate is established. To elucidate the nature of this 
equilibrium, the products of the reaction were isolated and identi- 
fied. 

Stoichiometry of Reaction of Glutamate with Pyridoxal Trans- 
aminase—Sodium glutamate, pH 9.8, was added to equal aliquots 
of the enzyme to yield glutamate concentrations ranging from 0 
to 0.05 m in a volume of 2.7 ml. Carbonate-free NaOH (0.3 ml, 
0.1 m) was added to each vessel immediately, and the absorbancy 
at 388 mu of an aliquot of 0.7 ml diluted with 0.7 ml of 0.1. N 
NaOH determined. The “pyridoxal phosphate” curve in Fig. 4 
shows that increasing the glutamate concentration causes a de- 
crease in the absorbancy measured at 388 muy, indicating a de- 
crease in bound transaminase pyridoxal phosphate. The addi- 
tion of the highest level of glutamate, immediately after cleaving 
pyridoxal phosphate by the addition of alkali, gave no observable 
effect, indicating that the glutamate affects only the holoenzyme. 
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Fic. 1. Spectra of the pyridoxal and pyridoxamine forms of 
the glutamic aspartic transaminase. The pyridoxal transaminase 
was made by the addition of ketoglutarate (0.0005 m) to the pyri- 


doxamine form. For the pH 4.8 spectrum, 0.15 Mm acetate buffer 
was used, and for pH 8.5, 0.1 m pyrophosphate buffer was employed. 


The absorbancy at 388 my is due not only to the pyridoxal phos- 
phate, but also to the protein, and so forth, present in the prepa- 
ration. It was desirable therefore to reduce this blank value by 
isolating the pyridoxal phosphate as its hydrazone, and to iden- 
tify the other products of the reaction presumed to be ketoglu- 
tarate and pyridoxamine phosphate. 

Ketoglutarate was determined quantitatively as its hydrazone 
by a modification of the method of Koepsall and Sharp (12) which 
makes possible the simultaneous determination of pyridoxal phos- 
phate. 

To duplicate aliquots of 1 ml, after treatment with g'utamate 
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TABLE I 


Activation and fluorescence spectra of pyridoxal phosphate 


Fluorescence maximum 
0.1 n HCl | 295 mu 398 my (very strong) 
0.1 m phosphate buffer, 322 my 400 my (strong) 
pH 7.0 395 mu 495 mu (weak) 
0.1 N NaOH 310 my 369 my (very strong) 
395 mu 529 my (weak) 


and alkali, was added 1 ml of 2,4-dinitrophenylhydrazine re- 
agent. (This reagent is prepared immediately before use by 
triturating 50 mg of dinitrophenylhydrazine with 8 ml of concen- 
trated HCl followed by dilution to 50 ml and filtration.) The 
solutions were stored in the dark for 1.25 hours and then extracted 
with 7 ml of ethyl acetate which removed the unchanged dinitro- 
phenylhydrazine and ketoglutarate hydrazone, but not the pyri- 
doxal phosphate hydrazone. An aliquot of 1 ml of the lower 
aqueous phase was added to 1 ml of water and then again ex- 
tracted with 2.5 ml of ethyl acetate to remove traces of the phen- 
ylhydrazine. The absorbancy of the lower aqueous phase, when 
measured against a reagent blank at 415 my, is proportional to 
the pyridoxal phosphate released from the transaminase (Fig. 4). 
To determine the a-ketoglutarate hydrazone, an aliquot of 6 ml 
of the ethyl acetate supernatant was first extracted with 2 ml of 1 
N HCl, and 5 ml of the supernatant, after centrifugation, were re- 
extracted with 1.5 ml of 10% sodium carbonate. An aliquot of 1 
ml of the sodium carbonate phase was mixed with a further 0.5 
ml of the 10% carbonate and the ketoglutarate hydrazone meas- 
ured at 380 mu. These extractions were performed in subdued 
light in tissue culture tubes whose caps had Teflon liners. The 
phases were separated by centrifugation followed by removal of 
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Fig. 2. A (Left). Characteristic spectra of pyridoxal phosphate isolated from pyridoxal transaminase. B (Right). Characteristic 
spectra of pyridoxamine phosphate isolated from pyridoxamine transaminase. 
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Fic. 3. The effect of glutamate on the absorbancy of the pyri- 
doxal form of the transaminase at 362 my in the presence of 0.05 
m Tris-HCl buffer, pH 8.1. 


the lower aqueous phase with Krogh-Keyes syringe pipettes. 
The curves of Fig. 4 show that the decrease in pyridoxal phos- 
phate, measured at 415 my, is associated with the formation of a 
stoichiometric amount of ketoglutarate, measured at 380 mu. <A 
separate experiment performed with synthetic mixtures of a-keto- 
glutarate and pyridoxal phosphate showed that the loss of 1 mole 
of pyridoxal phosphate was associated with the formation of one 
mole of ketoglutarate. The spectra in acid and base, and the 
solubilities of the hydrazones of pyridoxal phosphate and keto- 
glutarate prepared in this experiment were identical with those of 
authentic samples. 

Preparation of Pyridoxamine Transaminase—Treatment of the 
holoenzyme with Dowex 1-formate provided a convenient method 
for the preparation of the pure pyridoxamine form. The original 
enzyme solution was made 0.1 M with respect to sodium gluta- 
mate, pH 8.3, and 0.02 m with respect to Tris-formate buffer, pH 
8.3, then passed through a column of Dowex 1-formate (0.9 x 
16 cm) previously equilibrated with the buffer. 

Ketoglutarate is removed by the resin before the glutamate so 
that the enzyme obtained by washing the column with deionized 
water is completely in the pyridoxamine form. The nature of 
the equilibria is such, however, that without sufficient buffer the 
protonated (yellow) form of the pyridoxal enzyme is produced by 
this procedure. 

Treatment of this form of the enzyme with alkali liberates 
pyridoxamine phosphate only. Pyridoxamine phosphate was ob- 
tained in the same way as pyridoxal phosphate previously de- 
scribed. It was characterized by its elution pattern from Dowex 
1-formate and its characteristic spectra (Fig. 2B). 

The absorption spectrum of the pyridoxamine enzyme (Amax = 
333 my) does not appear to change with pH (Fig. 1). The addi- 
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Fic. 4. Stoichiometry of the reaction between glutamate and 
the pyridoxal form of the transaminase (see text). The points 
represent equilibrium values which are obtained very rapidly. 
Ketoglutarate formed in the reaction was determined as its 
phenylhydrazone derivative in sodium carbonate at 380 mu. 
Pyridoxal phosphate was cleaved from the enzyme and deter- 
mined as its hydrazone in acid at 415 mz. 


tion of trace amounts of ketoglutarate or oxaloacetate to the pyri- 
doxamine enzyme causes the immediate formation of the pyri- 
doxal enzyme, indicating that the equilibrium lies far in favor of 
the pyridoxal enzyme and amino acid (compare Fig. 3). 

Enzyme-Substrate Complex—Since the enzyme is rate-limiting 
in transamination involving an amino acid and a keto acid, at 
least one enzyme-substrate complex must exist. It has been 
shown that transamination from glutamate proceeds rapidly, and 
is analogous to that from aspartate (13). It should be possible 
therefore to observe spectroscopically the enzyme-substrate com- 
plex in the glutamate-ketoglutarate system. If the ratio of 
glutamate to ketoglutarate in such a system is kept constant, the 
ratio of pyridoxal to pyridoxamine enzyme must also remain 
constant. The amount of the enzyme-substrate complex(es), 
however, does not depend upon this ratio, but on the absolute 
concentrations of ketoglutarate and glutamate. In other words, 
this complex (or complexes) is the only component which in- 
creases if the absolute concentrations of ketoglutarate and glu- 
tamate are increased at constant ratio. In such experiments 
(Fig. 5), it is found that the absorbancy at 362 my decreases. 
The decrease with glutamate alone noted in Fig. 3 is therefore a 
measure of the loss of pyridoxal enzyme associated with the for- 
mation of both the enzyme-substrate complex(es) and the pyri- 
doxamine enzyme. The enzymatic reaction may be described in 
the following general terms: 


where 


E, and E:2, pyridoxal and pyridoxamine enzyme forms; S; and S:2 
amino and keto acid substrates; ES; and E2S:2 postulated en- 
zyme-substrate complexes. 
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Fic. 5. The effect of increasing the concentrations of keto- 
glutarate and glutamate in constant ratio upon the absorbancy 
at 362 mp. Ratios (R) of 5, 10, and 15 were used. All systems 
contained 0.05 m carbonate-bicarbonate buffer, pH 9.8, and origi- 
nally had an absorbancy at 362 mp = 0.720. 


It may be shown by steady state kinetics that if the concentra- 
tion of one of the substrates (S. = ketoglutarate) is kept con- 


stant: 
Si 1 
AE, E, Si + KKs /(1 + Se )) 


where E, is the total enzyme concentration and AZ, is the loss 
n FE, due to the addition of S,. 
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If the concentration of ketoglutarate is kept constant, AF; is 
proportional to the decrease in absorbancy at 362 mu, (AAsg,,,), 
hence a plot of (glutamate/AA s,,,) against glutamate should give 
a straight line with a negative intercept = KKg,/(1 + Ksg,) (Fig. 
6A). Plotting the reciprocal of this intercept against the re- 
ciprocal of the ketoglutarate concentration (1/S2) gives a straight 
line from which Ks, and KKgs, may be determined (Fig. 6B). 
The reciprocals of the gradients in Fig. 6A correspond to the 
decreases in absorbancy at 362 my when the concentration of 
glutamate is raised from zero to infinity for the four constant 
concentrations of ketoglutarate. It is of interest that these gra- 
dients are nearly independent of the concentration of ketoglu- 
tarate in the range used. The maximum decrease at 362 my has 
an average value of 76% of the total absorbancy at 362 my of the 
pyridoxal enzyme alone. 

Unfortunately, certain technical difficulties prevent the further 
study of this system by these methods. Below pH 9.8, the in- 
teraction of ketoglutarate with the pyridoxal enzyme becomes 
appreciable (13), but at pH 9.8 the absorbancy at wave lengths 
below 340 mu changes with time. Apparently this is due to a 
change in the protein absorption. A series of difference spectra 
at successive times suggested that the decrease in absorption at 
362 my presented in Fig. 5 was associated with an increase in ab- 
sorption at about 330 my. It appears that other techniques will 
be needed to elucidate further the absorption characteristics of 
the enzyme substrate complexes. 


DISCUSSION 


The mechanisms which have been proposed for the transami- 
nation reaction fall into two groups; those in which both sub- 
strates are bound to the enzyme simultaneously and those in 
which they are bound consecutively. In the former, transami- 
nation occurs between the substrates, but in the latter the trans- 
fer is essentially between substrate and enzyme. With the prep- 
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Fic. 6. A (Left). A Lineweaver-Burk type plot to determine the apparent dissociation constants for transaminase-glutamate 
at pH 9.8 (0.05 m carbonate-bicarbonate buffer) and at different levels of ketoglutarate (A = 0.01 mM; B = 0.005 M; C = 0.0033 
mM; D = 0.0025 m). B (Right). The determination of the actual dissociation constants from the data of part A. A-Ks, = 0.051 


M; Kg, = 0.0017 M. 
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aration of substrate quantities of purified transaminase, we have 
been able to show that transamination is a reaction between sub- 
strate and enzyme. Such a mechanism was first suggested by 
the observations that both pyridoxal and pyridoxamine phos- 
phates activate the apoenzyme, and that transamination occurs 
readily between amino acids and their analogous keto acids (14). 

The reaction of the enzyme with glutamate occurs with great 
rapidity; an equilibrium is reached even before the immediate ad- 
dition of alkali. Consequently, a study of the rate of the reac- 
tion is only possible with high dilutions of the enzyme (13). 

Studies with model systems suggest that two Schiff base en- 
zyme-substrate intermediates may occur corresponding to pyri- 
doxamine enzyme-ketoglutarate and pyridoxal enzyme-gluta- 
mate complexes (14). The equilibrium between these two 
postulated complexes may be such that only one may be observed 
spectroscopically. Nisonoff et al. (15) found that the rate of 
labilization of the a-hydrogen atom of aspartate was more rapid 
than the associated transamination to ketoglutarate. This sug- 
gested a fairly stable pyridoxamine enzyme-ketoglutarate com- 
plex. Such a complex would be expected to have a maximum 
absorbance at a wave length less than 340 my. Experiments are 
in progress to test this hypothesis. 


SUMMARY 


1. The preparation of distinct pyridoxal phosphate and pyri- 
doxamine phosphate forms of the glutamic aspartic transaminase 
is described. 

2. The kinetics and stoichiometry of the rapid conversion of 
the pyridoxal to the pyridoxamine form upon the addition of 
glutamate was studied. The disappearance of enzyme-bound 
pyridoxal phosphate was shown to be associated with the forma- 
tion of an equivalent amount of ketoglutarate and of enzyme- 
bound pyridoxamine phosphate. 
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3. The glutamate-ketoglutarate transamination system was 
studied spectroscopically in some detail in an effort to demon- 
strate and identify the enzyme-substrate complex(es). Although 
the equilibrium constants for enzyme-substrate complex forma- 
tion were determined, an unequivocal spectroscopic identification 
of the complexes was not possible. 
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In a previous paper a partial structural formula for oxidized 
ribonuclease was proposed ((2), Fig. 4). To derive this formula, 
the performic acid-oxidized protein was hydrolyzed with trypsin 
(3), pepsin (4), and chymotrypsin (2), and the mixture of pep- 
tides formed in each case was fractionated on columns of Dowex 
50-X2. The individual peptides isolated were subjected to quan- 
titative amino acid analyses, from the results of which it was 
possible to deduce the manner in which the peptides were ar- 
ranged to form the single, original chain of 124 amino acid resi- 
dues. Of the thirteen peptides liberated in major quantities by 
the action of trypsin, four, O-Tryp 2, 4, 9, and 16, were large, 
containing 19, 21, 22, and 20 amino acid residues, respectively 
(for the convention used to designate these peptides, see (2, 3)). 
The arrangement of subgroups of amino acids within these large 
fragments could be deduced from the composition of some of the 
peptides isolated from chymotryptic hydrolysates of the intact 
chain, but more convincing evidence in favor of the scheme pre- 
sented previously ((2), Fig. 4) would be provided by knowledge 
of the amino acid composition of the smaller peptides formed 
when the isolated peptides, O-Tryp 2, 4, 9, and 16 are treated 
with chymotrypsin and pepsin. Further cleavage of these large 
peptides is also required in order to furnish smaller peptides of a 
size suitable for detailed structural investigation. The results 
of such enzymatic hydrolyses are reported in the present com- 
munication together with an account of the procedures that were 
employed to prepare milligram quantities of the peptides used 
for sequence studies. The results of the sequence studies are 
presented in the following paper (5). ) 


EXPERIMENTAL 


Materials—Crystalline, salt-free chymotrypsin (Lots CD 425 
SF and 576-81) and twice crystallized pepsin (Lot 617) were pur- 
chased from the Worthington Biochemical Corporation. Several 
commercial samples of trypsin were tried, the most satisfactory 
of which was crystalline trypsin (Lot TR 426 SF) of Worthington. 

Tryptic hydrolysates of performic acid-oxidized bovine pan- 
creatic ribonuclease! were prepared in the manner described 


* Preliminary reports of this work have appeared (cf. (1) for 
references). 

t Present address, Biology Department, Brookhaven National 
Laboratory, Upton, Long Island, New York. 

' The ribonuclease was the same as that used in previous studies 
(1-3), Armour Lot. 381059. Each new batch of enzyme was 
checked chromatographically on columns of IRC-50 (6) and sub- 
jected to an amino acid analysis. Grateful appreciation is ex- 
pressed to Dr. M. A. Mitz, of Armour and Company, for his assist- 
ance in obtaining continued supplies of this material. 


earlier (3). Both 6- and 20-hour hydrolysates were studied. 
The largest yields of peptides O-Tryp 2 and 4 were obtained 
after 4 to 6 hours, whereas peptide O-Tryp 9 was obtained most 
satibfactorily after the longer period of hydrolysis. The smaller 
peptides in the tryptic hydrolysates were obtained in satisfactory 
yields in either case. 

Difficulties were encountered in obtaining commercial prepa- 
rations of trypsin as free of chymotrypsin, or chymotrypsin-like 
contaminants as the trypsin used in the original experiments (3). 
Hence, before a fresh preparation of trypsin was employed in a 
preparative scale experiment, it was tested on an analytical scale 
by chromatographing the hydrolysis products on a 0.9 K 150 
em column of Dowex 50-X2 and comparing the effluent curve 
with the one obtained previously ((3), Fig. 2). The presence of 
contaminants in the trypsin was revealed by the appearance of 
two new peaks; one of them was usually found just ahead of the 
peak marked 2, 3, 4 in Fig. 2 (3), whereas the second appeared 
prominently between O-Tryp 6 and 7. None of the trypsin 
samples used in the present studies were entirely free of con- 
tamination. 

Chromatography of Peptides on Columns of Dowex 50-X2—The 
separations on the sodium form of the resin were carried out by 
the procedures described before (3), except that pumps (Milton 
Roy Minipump, Type MM-1-B-29, cf. (7)) were used which per- 
mitted higher flow rates, up to 40 to 50 ml per hour on columns 
1.8 cm in diameter (16 to 20 ml per hour, per squarecm). Under 
these conditions, a pressure of approximately 60 cm of mercury 
was developed; still faster flow rates in conventional glassware 
could not be attained because the SB 35/25 joints at the column 
head leaked. More satisfactory columns, permitting faster flow 
rates if desired, may be made from standard industrial glass pipe 
(Fischer-Porter Company, Hatsboro, Pennsylvania). Connec- 
tions to the columns are then made with Teflon-faced gaskets 
and glass pipe fittings secured by aluminum flanges. The effluent 
fractions from columns operated with pumps were accumulated 
in a drop-counting fraction collector. Deaeration equipment (7) 
was not needed; a T-tube to collect major bubbles was adequate. 

The Dowex 50-X2 resin employed was the same as that used 
earlier (3). A higher yield of resin possessing a suitable particle 
size may be obtained from a minus-400 mesh grade now available 
from Bio-Rad Laboratories. This product permits faster flow 
rates without decrease in resolving power. Nearly all of it passes 
a 120-mesh sieve, when screened wet, and may be used without 
further fractionation, except that sometimes it may be necessary 
to settle off fines and light flocculent material, which, if present, 
tend to cause high operating pressures in the columns. 
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Columns of the ammonium form of Dowex 50-X2 were em- 
ployed extensively and were prepared by a procedure identical 
to that already described for the preparation of columns of the 
ammonium form of Dowex 50-X10 (8). Before a column was 
poured, the resin was equilibrated with 0.2 M ammonium formate 
buffer at pH 3.08 (see section “Isolation of Peptides’’), and 5 to 
6 hold-up volumes of the buffer were pumped through the column 
immediately before use. 

Peptides separated on these columns were detected by ninhy- 
drin reaction after alkaline hydrolysis (3) of suitable aliquots 
(0.05 to 0.30 ml) of the effluent fractions. Fractions containing 
the peptides were combined and freed of the volatile buffer salts 
by the procedure described previously ((3), p. 628) when the 
quantity of ammonium ion to be removed did not exceed approxi- 
mately 0.05 gram ion. When larger quantities were to be vola- 
tilized, the procedure used in the isolation of amino acids from 
preparative columns of Dowex 50-X10 (8) was followed, except 
that the sublimation of the buffer was allowed to take place at 
room temperature rather than 35°. 

Removal of Nonvolatile Buffer Salts from Effluent Fractvons— 
Peptides separated on columns of Dowex 50-X2 operated in the 
sodium form were rendered salt-free by exchange of the buffer 
salts for ammonium acetate, which was subsequently removed 
by volatilization (cf. (3), p. 628). To desalt solutions containing 
peptides O-Tryp 2, 4, and 5, the solution was diluted to approxi- 
mately 0.2 N in sodium ion, adjusted to pH 2.2 with 6 n HCl, 
and passed at a rate of 50 ml per hour through a 1.8 xX 10 cm 
column of Dowex 50-X2 in the ammonium form, previously 
equilibrated with 0.2 m ammonium formate buffer at pH 3.08. 
In this way, the greater part of the sodium ion in the original 
solution passed into the filtrate, whereas the peptides were ad- 
sorbed on the column. Elution at a rate of 30 ml per hour with 
0.2 M ammonium formate buffer at pH 3.08 was begun, and the 
effluent was collected in 15-ml fractions, 0.2-ml aliquots of 
which were subjected to alkaline hydrolysis (cf. (3)) before nin- 
hydrin analysis. The peptides appeared in the effluent after 
several column volumes of eluent had passed through, and well 
after the buffer anions contained in the original solution. The 
fractions revealed by analysis to contain the peptide were com- 
bined and lyophilized. The residue was dissolved in about 50 
ml of water (with the aid of a few drops of 0.01 Mm ammonium 
hydroxide, if required), and the solution was again lyophilized. 
The residue was dissolved in 30 ml] of water, and N HCl was added 
to bring the solution to pH 2.2. The cycle of operations was 
repeated with a fresh column of Dowex 50-X2 in the ammonium 
form. After a third cycle through the resin, lyophilization of the 
fina] solution containing the peptide afforded an amorphous pow- 
der in which no ash could be detected after ignition. 

The same procedure was used to desalt the remaining peptides 
of the trypsin series (cf. (3), Figs. 2, 3, and 4), except that only 
one cycle through the column was required. After adsorption 
of the peptide as described above, elution with 0.2 mM ammonium 
formate buffer at pH 3.08 was continued until a total of 500 ml 
had been passed through the column. At this point, since all 
of the sodium ion had been removed, the eluent was changed to 
2.0 M ammonium acetate adjusted to pH 6.6 with a drop or two 
of glacial acetic acid. The peptide usually appeared at, or very 
close to, the break-through of the new solvent front, and could 
be isolated from the effluent after volatilization of the ammonium 
acetate. 

Quantitatwe Amino Acid Analysis of Peptides—Hydrolysates 
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were prepared in evacuated, sealed tubes, as described before (9). 
Before hydrolysis, extraneous ammonia was removed from the 
sample by the procedure previously described ((3) p. 629, foot- 
note 6). The residue, after removal of the excess HCl, was dis- 
solved in 0.2 N sodium citrate buffer at pH 3.1 (see next section), 
and the solution diluted to a volume of 5 ml with the same sol- 
vent. Suitable aliquots of these solutions were analyzed by the 
procedure of Moore et al. (10) on columns of the sodium form of 
Amberlite IR-120. About half of these analyses were performed 
with automatic recording equipment of the type described by 
Spackman et al. (7). The values for serine were divided by 0.90 
and those for threonine by 0.95 to correct for decomposition dur- 
ing hydrolysis (3). A quantity of ammonia corresponding to 
10% of the corrected serine and 5% of the threonine values were 
subtracted from the total ammonia figure to get the amide value. 
In estimating the amide value, a correction was also made for 
the ammonia content (determined chromatographically) of the 
HCl used for the hydrolysis and of the citrate buffer employed 
to dissolve the hydrolysate. 

Isolation of Peptides—Shown in Fig. 1 is the general chromato- 
graphic scheme of fractionation used to isolate O-Tryp 2, 4, 9, 
and 16, and the subpeptides formed from them by hydrolysis by 
chymotrypsin and pepsin. Columns 1.8 X 150 cm were em- 
ployed in all experiments except the ones shown in Figs. 1B and 
1F, in which shorter 1.8 < 30 cm columns were used, and 1J, in 
which a column 0.9 cm in diameter was adequate. Hydrolysates 
prepared from 200 to 400 mg of performic acid-oxidized ribonu- 
clease were fractionated in the experiments given in Figs. 1A and 
1B. The hydrolysis products obtained from 20 to 30 umoles of 
peptide were fractionated in the experiments shown in Figs. 1C€ 
to 1K. A total of eight chromatograms of the type shown in 
Fig. 1A and ten of the type shown in Fig. 1B were performed. In 
addition, four chromatograms were run similar to the one shown 
in Fig. 1A except that the sodium form of the resin was used (ef. 
(3), Fig. 2). In all, 8.2 g of ribonuclease were oxidized, hydro- 
lyzed with trypsin, and subjected to the fractionation scheme. 
It is apparent from Fig. 1A, that in addition to the large pep- 
tides O-Tryp 2, 4, 9, and 16, which were the immediate objectives 
of the present work, many effluent fractions containing the other 
peptides formed by the action of trypsin were accumulated as a 
matter of course. These were all saved, but only the relatively 
small amount of each individual peptide required for sequence 
studies was purified further and obtained as a lyophilized powder. 
The adequacy of the fractionation procedures was confirmed in 
every instance by quantitative amino acid analysis of the isolated 
peptides. 

The buffers employed as eluents in the chromatograms shown 
in Fig. 1 were prepared as follows (quantities given for 1 liter of 
solution): 

Ammonium formate, pH 3.08, 0.2 m (Figs, 1A, E, F, G, J, K, 
L); 0.750 mole of formic acid and 0.200 mole of NH,OH. 

Ammonium acetate, pH 5.08, 1.0 m (Figs. 1A, EF, F, L); 1.47 
moles of acetic acid and 1.00 mole of NH,OH. 

Ammonium acetate, pH 5.09, 2.0 m (Figs. 1A, F); 2.94 moles 
of acetic acid and 2.00 moles of NH,OH. 

Sodium citrate, pH 3.1, 0.2 n (Figs. 1B, C, D, H); 0.100 mole 
of citric acid, 0.200 mole of NaOH, and 0.138 mole of HCl. 

Sodium citrate-acetate, pH 5.1, 1,1 nN (Fig. 1D, H); 0.250 mole 
of citric acid, 0.179 mole of acetic acid, 0.570 mole of NaOH, and 
0.500 mole of sodium acetate. 

Sodium citrate-acetate, pH 5.1, 2.1 N (abbreviated as 2M Ac 
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Effluent liters 


Fig. 1. Chromatographic isolation by the use of columns of 
Dowex 50-X2 of peptides from enzymatic hydrolysates of oxidized 
ribonuclease. The method of designating the peptides is ex- 
plained in the text. The analytical data that form the basis for 
the formulae adjacent to each peak are given in Tables I and ILI. 
The sequences of the amino acid residues within the brackets are 
those the determinations of which are described in the paper to 
follow (5). Inthe experiments shown in Figs. 1B, C, D, and H, the 
sodium form of the resin is used with sodium buffers; in all others, 
the NH, form is employed with ammonium buffers. "The abbrevi- 
ations used are: Form, formic acid; Ac, acetic acid; Cit, citric acid. 
All columns were operated at 35° unless otherwise indicated. For 
chromatograms B and L a 610-ml mixing chamber was used during 
gradient elution, whereas a 2460-ml chamber was required in the 
remaining chromatograms. A, A tryptic hydrolysate chromato- 


graphed on a 150- XK 1.8-cm column operated at 35° until 5.5 liters, 
50° thereafter. B, A tryptic hydrolysate chromatographed on a 
30- X 1.8-cm column operated at 35° until 0.7 liter, 50° thereafter. 
C, Rechromatography of O-Tryp 4 plus 5 on a 150- X 1.8-em col- 
umn operated at 25°. D, Rechromatography of O-Tryp 9 plus 10 
on a 150- X 1.8-em column. £, A chymotryptie hydrolysate of 
O-Tryp 2 chromatographed on a 150- X 1.8-cm column. F, A 
chymotryptic hydrolysate of O-Tryp 16 chromatographed on a 
30- X 1.8-em column. G, A chymotryptic hydrolysate of O-Tryp 
4 chromatographed on a 150- X 1.8-cemcolumn. H, A chymotryp- 
tic hydrolysate of O-Trvp 9 chromatographed on a 150- X 1.8-em 
column. J, Rechromatography of (O-Tryp 9)Chy 1 plus 2 on a 
150- X 1.8-em column. A, Rechromatography of (O-Tryp 9)Chy 
3 plus 4 on a 150- XK 1.8-cem column. L, A peptic hydrolysate of 
(O-Tryp 16)Chy 4 chromatographed on a 150- X 0.9-em column. 
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in Fig. 1B); 0.500 mole of citric acid, 0.358 mole of acetic acid, 
1.14 mole of NaOH, and 1.00 mole of sodium acetate. 

Sodium citrate-acetate, pH 4.3, 0.2 n (Fig. 1C); dilute the 1 N 
buffer at pH 5.1 5-fold and mix with an equal volume of the 0.2 
N buffer at pH 3.1. 

All chemicals were of analytical reagent grade. The normality 
of the acetic acid (glacial) and the formic acid (99%) were 
checked by titration. The ammonium hydroxide was redistilled 
(8), stored in polyethylene bottles, and standardized before use. 
Standard NaOH was also stored in polyethylene bottles. 

Peptides O-Tryp 2, 4, and 5—In the first experiments, two con- 
secutive chromatograms on 150-cm columns of Dowex 50-X2 in 
the sodium form were required to isolate these peptides (cf. (3), 
Figs. 2 and 3a), after which the peptides were desalted with the 
aid of the ammonium form of the resin as described above. In 
the first chromatogram ((3), Fig. 2), partial overlapping of pep- 
tides O-Tryp 4 and 5 sometimes occurred, especially when the 
load was increased. Whenever quantitative amino acid analysis 
of the isolated peptide O-Tryp 4 revealed contamination by O- 
Tryp 5, rechromatography of O-Tryp 4 was necessary (cf. (3), 
Fig. 3a). When the 150-cm column was operated at 25° (rather 
than 35°, as recommended previously (3)), peptides O-Tryp 4 and 
5 emerged well separated at 1.63 and 1.85 effluent liters, respec- 
tively. 

A more reliable chromatographic system for the separation of 
O-Tryp 2, 4, and 5 is outlined in Fig. 1A. In this procedure, 
which was used for most of the work, the ammonium form of the 
resin is employed. O-Tryp 2 is well separated from O-Tryp 4 
and 5 and can be recovered directly after volatilization of the 
buffer. The mixture of O-Tryp 4 and 5 is fractionated by re- 
chromatography as shown in Fig. 1C and the individual com- 
ponents obtained after desalting. The chromatographic system 
shown in Fig. 1A has the additional advantage that peptides O- 
Tryp 13 and 14 are separated (cf. (3), Fig. 2), and that overlaps 
caused by the presence of peptides produced as artifacts owing 
to enzymatic contamination of the trypsin by chymotrypsin are 
also resolved. 

Chymotryptic Hydrolysis of Peptides O-Tryp 2, 4, 9, and 16— 
The peptides (8 to 20 umoles) free of buffer salts from the previous 
chromatographic separation were dissolved in 8 ml of water by 
shaking, or, if necessary, by the careful, dropwise addition of 0.01 
M ammonium hydroxide. After dilution with 10 ml of 0.2 m 
sodium phosphate buffer at pH 7.0, 2.0 ml of a 0.20% solution 
of chymotrypsin in water were added. The solutions were kept 
in stoppered flasks in a room at 25° + 1° for 20 hours, after which 
the hydrolysis was stopped by addition of sufficient n HCl to 
bring the solution to pH 2.2. 

Peptic Hydrolysis of Peptide (O-Tryp 16)Chy 4—In a 1-ml 
volumetric flask were placed 3.8 mg (3 uwmoles) of peptide (O- 
Tryp 16)Chy 4, freed of buffer salts from the previous chromato- 
graphic separation. The peptide was dissolved to volume in a 
0.02% solution of pepsin in dilute HCl at pH 1.9. The solution 
that resulted was at pH 2.2, and the pH remained unchanged 
over the following 24 hours, during which time the solution was 
kept at 40° in a constant temperature bath. The hydrolysis 
was stopped by bringing the solution to pH 7.5 with 0.10 
w NaOH. 

Hydrolysis of (O-Tryp 4)Chy 1 with Papain—The peptide was 
hydrolyzed with papain (Worthington, Lot PAP5452); peptide 
concentration, 0.2 mm; enzyme concentration, 0.13 mg per ml; 
pH 5.1 (0.15 m NH OAc), 40°, 17 hours. The enzyme was dia- 
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lyzed free of cysteine in the presence of 10-* m ethylenediamine 
tetraacetic acid and 10-3 m NaCN. These substances (2 x 10-4 
M) were also present in the hydrolysis mixture. The products 
were separated by chromatography on a 150 x 0.9 cm column of 
Dowex 50-X2 operated as described for the column in Fig. 1K, 
except that the temperature of operation was 40° and gradient 
elution was begun at 180 ml (capacity of mixing chamber, 610 
ml). Three major peaks emerged at 168, 280, and 480 ml, and 
a small peak at 400 ml which analysis showed to be the unde- 
graded starting product. 


RESULTS 


The amino acid compositions of the peptides formed by the 
action of chymotrypsin (and in one case, pepsin) on O-Tryp 4, 9, 
2, and 16 are given in Fig. 1 adjacent to the appropriate peaks on 
the effluent curves. The subpeptides are numbered in the order 
in which they appear on the final chromatograms from which 
they were isolated, with the added designation (O-Tryp 4)Chy, 
(O-Tryp 9)Chy, (O-Tryp 2)Chy, and (O-Tryp 16)Chy to indicate 
that they have been formed by the chymotryptic hydrolysis of 
the peptides indicated in parenthesis. The same convention 
leads to the designation ((O-Tryp 16)Chy 4)Pep for the peptides 
that result when (O-Tryp 16)Chy 4 is further hydrolyzed with 
pepsin, and to ((O-Tryp 4)Chy 1)Pap for the products of the 
hydrolysis with papain. These designations will be used in the 
remainder of this paper and in the one that follows (5). 

The empirical formulas given in Fig. 1 were derived from the 
analytical data presented in Table I. The compositions of the 
individual peptides in terms of the integral molar ratios of the 
constituent amino acids are given in bold face type in the table. 
All values for amino acids present to as much as 0.01 of a residue 
are included. The values were obtained on the lyophilized prep- 
arations which were used as starting material in the sequence 
studies reported in the following paper (5). A comparison of 
the data in Table I with those published earlier ((3), Table I) for 
the peptides of the trypsin series, reveals that most of the sub- 
sidiary peptides, particularly the ones used subsequently in the 
sequence work, have been obtained with fewer contaminants. 
This probably results from the fact that the analyses given in 
Table I were obtained on peptides that had been subjected to 
more extensive chromatographic purification (sometimes includ- 
ing desalting) than were the peptides analyzed earlier. Never- 
theless, the high sensitivity of the analytical procedure employed 
still reveals the presence of impurities in some of the peptides, 
notably those obtained from O-Tryp 9. 

In Table II are given the analytical data for the remainder of 
the peptides of the trypsin series used in the sequence studies, as 
well as for the four large peptides (O-Tryp 4, 9, 2, and 16) em- 
ployed in the present work. It is clear that all of the peptides 
have been adequately purified for the purposes envisaged. 

The data in Table I show that extensive decomposition of 
tyrosine took place upon hydrolysis of the peptides (O-Tryp 4) 
Chy 3, (O-Tryp 2)Chy 2, (O-Tryp 16)Chy 3 and 4, and ((O-Tryp 
16)Chy 4)Pep 5, the latter a peptide derived from (O-Tryp 16) 
Chy 4 by peptic hydrolysis. The reason for the extensive de- 
composition observed with these peptides is at present unknown. 
Low recoveries of tyrosine were obtained from these peptides 
whether or not the hydrolysis was carried out in the presence of 
buffer salts. Tyrosine carried through the same procedure was 
recovered in 95% yield as a mixture of tyrosine and a substance 
exhibiting the chromatographic behavior of chlorotyrosine (cf. 
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TABLE I 
Amino acid composition of peptides isolated after enzymatic hydrolysis of four major peptides of trypsin series 

The composition of each peptide fraction is expressed in terms of the molar ratios of the constituent amino acids ((3), p. 632) as 
determined by chromatography on columns of Amberlite IR-120. The analyses were performed upon the lyophilized preparations 
that served as starting materials for the sequence studies (5). The results are expressed as molar ratios of the constituent amino acids 
with values for the principal constituents being given in bold face type. Values for amino acids present to less than 0.01 of a single 
residue are omitted. The peptides are listed in the order in which they appear in ribonuclease, beginning at the amino end of the 
peptide chain. 


Peptide 
Amino acid (O-Tryp 4)Chy ((O-Tryp 4)Chy 1)Pap (O-Tryp 9)Chy 
1 2 3 1 2 | 344 2 | 3 4 5 6 7 
Aspartic acid 1.08 1.01; 1.05 | 0.04 | 0.99 | 0.60 0.76 0.06 1.01 | 0.99 0.02 
Glutamic acid 0.99 0.92 0.04 | 0.02 | 1.01 0.89 1.05; 0.94 2.04 1.09 
Glycine 0.08 | 0.09 0.15 0.05 
Alanine 2.11 1.07 0.13 | 0.96 1.23 , 0.09 
Valine | 1.04 0.10} 1.03/ 1.04, 2.02) 0.98 
Leucine | 0.07 1.01 | 1.02 
Isoleucine 
Serine 2.91 0.08 2.83 1.97 | 2.97 0.56; 0.18 0.88 0.79 0.93 | 0.93 
Threonine 1.00 1.04 1.04 0.01 0 .97 
Cysteic acid | 1.04 0.91 0.06 
Methionine sulfone 1.01 2.03 1.06 | 
Proline | 1.04 
Phenylalanine | | 1.02 
Tyrosinef | 0.88 | 
Histidine 0.99 0.94 | 0.89 0.98 
Lysine | 0.89 0.15 1.11 1.06 1.00 0.05 
Arginine | | | 
Ammoniat (from amide) (0.8) | (2.0) | (1.2) (1.6) | (0.9) | (1.0) | (0.9) | (0.9) | (0.3) 
| 
Peptide 
Amino Acid (O-Tryp 2)Chy (O-Tryp 16)Chy 
2° 3 2-3 4 5 1 3 4 

Aspartic acid 2.04 1.99 1.00 1.01 0.965 0.99 0.91 | 1.00 
Glutamic acid | 1.01 1.02 1.97 | 0.87 1.01 0.99 
Glycine 0.96 1.03 0.89 0.99 1.01 0.94 
Alanine 1.01 0.97 1.02 0 .94 
Valine 1.02 1.05 1.04; 2.08 
Leucine 0.02 
Isoleucine 1.03 1.20 1.52 
Serine 0.99 0.05 | 1.00 1.02; 0.91 0.95 0.11 0.02 
Threonine 0.97 | 0.99 0.97 | 0.98 —~=6©0.10 
Cysteic acid 0.99 | 0.80 0.99 0.76 0.96 0.97 0.10 
Methionine sulfone | 1.02 
Proline | 1.11 0.99 0.92) 1.19 1.06 
Phenylalanine | | | 0.99 
Tyrosinet ) 0.72 1.02 1.89 | 0.60 0.70 0.51 
Histidine 0.89 1.01 
Lysine 0.16 | 
Arginine | 1.09 | | 
Ammoniaf (from amide) (—0.2)* | (2.7) | (3.8) (—0.1) | (0.1) | (0.0) | (1.7) | (0.9) | (0.2) | (0.7) (1.1) 


* Isolated as the pyrollidone carboxyly] peptide, without the amide ammonia of the parent glutaminy! peptide (2). 

t The occasional, unexplained low yield of carboxyl-terminal tyrosine is discussed in the text. 

t The ammonia values for the hydrolysates are only approximate indications of the amount of amide ammonia, but the results agree 
in almost all instances with the determinations of asparagine and glutamine reported in the following paper (5). 
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TaBLeE II 
Amino acid composition of peptides isolated from tryptic hydrolysates of oxidized ribonuclease 


The analyses were performed upon the lyophilized preparations that served as starting materials for the sequence studies (5). 


The 


results are expressed in terms of molar ratios of the constituent amino acids, with the values for the principal components being given 
in bold face type. The values for amino acids present to less than 0.01 of a single residue are omitted. The peptides are listed in 
the order in which they appear in ribonuclease, beginning at the amino-end of the peptide chain. 


Peptide 
Amino acid 

| | | | | | | | | | ORM | 
Aspartic acid 3.00 | 0.02 | 1.08} 1.02 | 2.04) 1.10/ 3.12 1.04; 1.00; 2.01 
Glutamic acid 1.03 | 0.99 | 2.04 0.04} 0.08 | 2.93 2.05 | 1.04 1.06 | 1.02 
Glycine 0.02 0.04 0.99 | 0.97 0 .97 
Alanine 2 .95 2.00 | 0.04 0.05! 0.08 | 2.12; 0.97) 0.10 0.98 | 1.05 | 2.06 
Valine 0.02; 0.05; 0.10; 3.86 | 0.91 0.10 | 3.94 
Leucine 0.96 0.03 | 0.99 
Isoleucine 0.05 | 0.05 0 .98 1 .32 
Serine 5.82 | 0.98 0.07 | 1.98 3.03 | 1.93 0.05 | 0.91 
Threonine 1.00 1.00 1.00; 0.04) 0.99 2.97 | 1.01 1 .80 
Cysteic acid 1.02 | 0.03 | 0.02) 0.03 | 1.94; 1.02 1.89 1.00 | 0.05; 1.06 
Methionine sulfone 3.10 1 .07 
Proline 0.06 | 0.99 0.75 1.83 
Phenylalanine 1.04 1.02 0 .92 
Tyrosine 0 .95 1 .92 1.92 0.95 
Histidine 1.01 0.06 | 0.99 1.56 
Lysine 2.01 1.02 1.00 | 0.07} 2.18; 1.00 1.05 | 1.06; 1.10); 0.13 
Arginine 1.00 1.02 0.98 0.99 
Ammonia (from amide) * (0.0) | (0.0) | (2.9) (1.0) | (0.1) | (4.5) | (0.8) | (8.2) | (0.3) | (1.4) | (1.9) | (1.1) 


* The ammonia values for the hydrolysates are only approximate indications of the amount of amide ammonia, but are in agree- 
ment with the determinations of asparagine and glutamine (5) except for O-Tryp 4, 9, and 2. 


(11)) in a proportion averaging three parts of tyrosine to one of 
the tyrosine derivative. Formation of this tyrosine derivative 
during hydrolysis was observed with peptide (O-Tryp 2)Chy 3, 
and the value of 1.02 given for tyrosine in Table I represents the 
sum of the tyrosine and the tyrosine derivative. The derivative 
was not observed in hydrolysates of the other peptides contain- 
ing tyrosine. 

As will be shown later, peptides (O-Tryp 4)Chy 3 and (O-Tryp 
16)Chy 3 and 4 (as well as ((O-Tryp 16)Chy 4) Pep 5) contain the 
same tyrosine residues found in the peptides O-Chy 11 and 22, 
O-Chy 3 and O-Chy 29, respectively (2), that were obtained on 
chymotryptic hydrolysis of intact oxidized ribonuclease. It was 
observed previously ((2), Table I) that all of these peptides also 
gave low tyrosine values. Essentially complete recovery of ty- 
rosine was attained, however, upon analysis of the larger pep- 
tides O-Tryp 2 and O-Tryp 4, which contain these tyrosine resi- 
dues, but not in carboxyl terminal position (cf. (3), Table I). 
The reasons for these discrepancies are not now apparent. 

Peptide O-Tryp 16 contains two residues of isoleucine per 
molecule, which are only liberated slowly after prolonged hy- 
drolysis. The recovery of 1.2 to 1.5 residues of isoleucine after 
20 hours of hydrolysis demonstrates (Table 1) that both isoleucine 
residues are present in peptides (O-Tryp 16)Chy 3 and 4. 

Peptide (O-Tryp 16)Chy 4 was too large to permit studies of 
its structure to be carried out conveniently, and, therefore, an 
attempt was made to degrade it further with pepsin. Extensive 
fragmentation of the peptide occurred with the formation of at 
least six subsidiary peptides, two of which were obtained in homo- 
geneous condition (cf. Fig. 11 and Table I). 

The cleavage of (O-Tryp 4)Chy 1 with papain was performed 


specifically to determine the groupings of residues in this peptide, 
in view of the divergent data as to the nature of the amino- 
terminal residue, as discussed in the following paper (5). The 
analysis for ((O-Tryp 4)Chy 1)Pap 3 and 4 (Table I) would re- 
sult from a mixture of (Ser, Asp-NH2, His, MeSO.) and (His, 
MeSO:, Glu) in the approximate ratio 35:65. The yield of the 
major component (Pap 4) was 55% and the yields of peptides 
Pap 1 and Pap 2 were 60% and 33%, respectively. 

The yields of the principal peptides obtained in the main series 
of experiments are listed in Table III. For Column 1/, the yields 
are calculated directly from the amino acid analyses performed 
on aliquots of the effluent fractions taken from chromatograms 
of the enzymic hydrolysates. Where rechromatography was re- 
quired in order to obtain a pure peptide, the yield is calculated 
from the second chromatogram, which accounts for the lower yields 
of O-Tryp 4, 9, and 2. The method of calculating the yields of 
the subpeptides formed by chymotryptic cleavage of the large 
peptides of the trypsin series may be demonstrated by the fol- 
lowing example. The chromatograms showed peptide (O-Tryp 
4)Chy 3 to be obtained in 90% yield, based upon the amount of 
O-Tryp 4 used; since O-Tryp 4 was obtained from oxidized ribo- 
nuclease in only 50% yield, the available amount of (O-Tryp 
4)Chy 3 is 45% of theory. The chymotryptic hydrolyses were 
all performed on lyophilized samples of the major peptides, and, 
as can be seen by comparing the values in Column 1 with those 
in Column 2, substantial losses were sometimes incurred in the 
lyophilization step. The figures given in Column 2 represent the 
yields calculated from the amounts of lyophilized peptides that 
were isolated, taking into account the size of aliquot taken for 
desalting and lyophilization. From a given weight of oxidized 
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TaBLeE III 
Yields of peptides 
All yields in Column 1 are calculated from the amino acid anal- 
yses performed on aliquots of the pooled effluent fractions from 
the chromatograms (cf. (3)) and are based on the quantity of oxi- 
dized ribonuclease originally subjected to tryptic hydrolysis. 


Yield 
Calculated | Calculated 
Peptide from chrom- from weight} Amount of 
atograms of| of lyophilized 
hydroly- peptide 
sates preparedt 
Column 1 umn 2 Colamen 3 
% % mg. 
0-Tryp 10 100 85 52 
0-Tryp 15 85 65 18 
0-Tryp 4 50 35 180 
0-Tryp 12 55 50 10 
0-Tryp 11 100 90 15 
0-Tryp 7 90 80 12 
0-Tryp 9 50 20 220 
0-Tryp 5 95 85 12 
0-Tryp 2 55 25 140 
0-Tryp 6 100 85 38 
0-Tryp 14 85 60 50 
0-Tryp 8 100 90 44 
0-Tryp 16 65 45 250 
(0-Tryp 4)Chy 1 45 25 41 
(0-Tryp 4)Chy 2 45 20 38 
(0-Tryp 4)Chy 3 45 25 35 
(0-Tryp 9)Chy 2 15 5 9 
(0-Tryp 9)Chy 3f 5 <1 0.4 
(0-Tryp 9)Chy 40 15 42 
(0-Tryp 9)Chy 5 45 15 55 
(0-Tryp 9)Chy 6f 30 5 8 
(0-Tryp 9)Chy 7 15 5 13 
(0-Tryp 2)Chy 2 50 20 18 
(0-Tryp 2)Chy 3 50 15 32 
(O0-Tryp 2)Chy 4 50 20 19 
(0-Tryp 2)Chy 5 45 15 27 
(O-Tryp 16)Chy 1 65 40 21 
(O-Tryp 16)Chy 2f 5 1 1 
(0-Tryp 16)Chy 3f 5 1 3 
(O-Tryp 16)Chy 4 55 35 58 
(O-Tryp 16)Chy 5 55 35 38 
((O-Tryp 16)Chy 4)Pep 1f 20 10 0.6 
((O-Tryp 16)Chy 4)Pep 5f 10 3 0.2 


* Represents the potential yield of purified peptide, taking into 
account the aliquot removed for desalting and lyophilization. 

t In many instances only a portion of the amount of peptide 
present in the effluent fractions was desalted for the structural 
work. 

t These peptides not employed in subsequent structural studies. 


ribonuclease, therefore, the values indicate the potentially avail- 
able yield for the detailed sequence studies presented in the fol- 
lowing paper. The difference between the figures given in Col- 
umns 1 and 2 reflect, for the most part, manipulative losses 
incident to the isolation procedure and the quantities withdrawn 
for the amino acid analyses by means of which each step in the 
isolation procedure was controlled. In Column 3 there are listed 
the actual amounts of the purified peptides prepared, in milli- 
grams, which are occasionally less than the yields in Column 2 
would predict, since in some instances only a portion of the pep- 


C. H. W. Hirs 


631 


tide in the effluent fractions was prepared in salt-free form for 
the sequence work. 


DISCUSSION 


From the partial structural formula of oxidized ribonuclease 
already proposed ((2) Fig. 4), the amino acid composition of the 
peptides formed upon chymotryptic hydrolysis of O-Tryp 4, 9, 2, 
and 16 could be predicted. As can be shown by a comparison 
of the compositions given in Figs. 1#, 1F, 1G, 1H, and 1K and 
Table I with those required from the structural formula, the pre- 
dictions have been realized in every case as illustrated in Fig. 2 
The allocation of the amide groups cannot be deduced from the 
data presented in this paper, and the positions are assigned in 
accordance with the final formula (5). 

From the partial structural formula, it would be predicted 
that three peptides should be formed upon chymotryptic hy- 
drolysis of O-Tryp 4. If these are compared with the peptides 
formed by chymotryptic hydrolysis of intact ribonuclease, it can 
be seen that one, derived from the middle of the molecule, should 
be the same as O-Chy 11; a second, originating at the amino 
end, should have the same amino acid composition as O-Chy 21, 
except that one residue of glutamic acid and one of arginine 
should be missing; the third, from the carboxyl end, should have 
the same amino acid composition as O-Chy 27 with one residue 
each of serine, arginine, aspartic acid and leucine missing. As 
can be seen from Fig. 1G and Table I, three peptides of the req- 
uisite composition were isolated: (O-Tryp 4)Chy 3, (O-Tryp 4) 
Chy 1, and (O-Tryp 4)Chy 2, respectively (Fig. 2). In the pres- 
ent experiments, complete hydrolysis occurred at the bond con- 
necting (O-Tryp 4)Chy 1 and (O-Tryp 4)Chy 3, whereas in the 


pNH2 
(ser,, The) (Ser Asp) (His, Met, ciu)) ‘Alag, Ser,)Tyr'(Cys,Asp, Glu, Met2)Lys 


Tryp 4) Chy i---- Tryp 4)Chy -(0-Tryp 4) Chy 2-> 
(0-Tryp 4)Chy 1) Pap 3 
— O-Tryp 4 


(Cys, Asp,Val, Pro, Thr, Lys)Phe1(Glu, Val, Leu, Ser, His}\(Asp,Glu, Ala Val)\(Ser,Cys,Glu,Ala,Val) Lys 
<--(0-Tryp 9) Chy 5 *«(0-Tryp 9) Chy 7 »(0-Tryp9)Chy 2+ —(O-Tryp 9) Chy 4 — - = 
~ O-Tryp 9 


NH2 NH, 
(Cys, Asp, Glu ‘ly, The) Tye! Glu.Ser. Tyr |(Thr, Ser, Met), Asp, lleu, Thr, Ser) Arg 


<—-(O-Tryp 2)Chy 3-— >(0Tryp2)Chy 2'(0-Tryp2)Chy 4 — -(O-Tryp 2) Chy5 -— = 
O-Tryp 2 


His(Val, Ieu,)(Cys,Ala Glu) (Gly, Asp, Pro) Tyr\(Valg, Pro, His)Phe| (Asp, Ala, Ser) Val 


(0-Tryp 16) Chy — ~ — 16)Chy 5*+40-Tryp 16)Chy 
(o-Tryp Fep- 
3 
O-Tryp 16 


Fic. 2. The sub-peptides derived from O-Tryp 4, 9, 2, and 16 
by the action of chymotrypsin and pepsin (cf. (2), Fig. 4), and 
papain. The points of cleavage by chymotrypsin are shown by 
the dashed lines. Bonds attacked by pepsin in (O-Tryp 16)Chy 
4 and by papain in (O-Tryp 4)Chy 1 are indicated by the dotted 
lines. 
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chymotryptic hydrolysis of intact oxidized ribonuclease, a 10- 
fold smaller concentration of enzyme was employed, and this 
bond was only partially hydrolyzed. 

On the basis of the earlier results, chymotryptic hydrolysis of 
O-Tryp 9 would be expected to yield two peptides, a heptapep- 
tide, which should have the composition actually found for (O- 
Tryp 9)Chy 5, and a large fragment of 15 amino acid residues. 
(O-Tryp 9)Chy 5 was obtained in 95% yield by a very rapid 
cleavage, but under the more vigorous hydrolytic conditions em- 
ployed, the remaining large fragment was cleaved into smaller 
peptides. The analyses in Table I show that these smaller pep- 
tides were derived by incomplete hydrolysis of the hypothetical 
larger fragment at two further bonds to yield five products. 
Three of them, (O-Tryp 9) Chy 2, 4, and 7 represent fragments 
obtained by cleavage at both of these bonds, and one of them 
(O-Tryp 9)Chy 6 is derived by cleavage at only one bond. In 
addition, a sixth peptide from this portion of the molecule, desig- 
nated as (O-Tryp 9)Chy 3 in Table I, was isolated. Subsequent 
studies on the sequence of its amino acid residues demonstrated 
that it was formed as a further degradation product of (O-Tryp 
9)Chy 4. Peptide (O-Tryp 9)Chy 1, shown in Fig. 1, was not 
isolated in sufficient quantities for detailed study, but the amino 
acid analysis of the crude mixture of (O-Tryp 9)Chy 1 and 2, 
taken together with the analysis of pure (O-Tryp 9)Chy 2, dem- 
onstrated that (O-Tryp 9)Chy 1 possessed the composition, (Cys, 
Asp, Glue, Alaz, Vale, Ser, Lys). 

The four peptides obtained by chymotryptic hydrolysis of O- 
Tryp 2 (Fig 1£) have exactly the composition to be expected from 
the partial structural formula given previously (2). Two of 
them, (O-Tryp 2)Chy 2 and (O-Tryp 2)Chy 4, have the same 
amino acid composition and chromatographic behavior as two 
peptides, O-Chy 2 and O-Chy 6, respectively, that were isolated 
(2) from chymotryptic hydrolysates of the intact oxidized pro- 
tein. (O-Tryp 2)Chy 2 is placed ahead of (O-Tryp 2)Chy 4 by 
virtue of the isolation of a peptide possessing an amino acid anal- 
ysis equal to the sum of the residues in (O-Tryp 2)Chy 3 and 
(O-Tryp 2)Chy 2. This peptide was isolated when trypsin con- 
taminated with chymotrypsin was employed, a circumstance 
that concomitantly led to poor yields of O-Tryp 2. Appar- 
ently, the peptide bond involving the carboxyl group of the tyro- 
sine residue in (O-Tryp 2)Chy 2 is very sensitive to chymotryptic 
hydrolysis. : 

Chymotryptic hydrolysis of O-Tryp 16 yields three peptides 
of the expected composition, (O-Tryp 16)Chy 4, (O-Tryp 16)Chy 
5 and (O-Tryp 16)Chy 1 (Table I and Figs. 1H, J, K). (O-Tryp 
16)Chy 1 and (O-Tryp 16)Chy 5 have the same amino acid com- 
position and chromatographic behavior as O-Chy 4 and O-Chy 
30 (2), respectively. According to the partial structural formula 
already presented, (O-Tryp 16)Chy 4 should be at the amino 
end of O-Tryp 16 and should possess amino-terminal histidine. 
Support for this formulation is provided by the isolation in poor 
yield of (O-Tryp 16)Chy 3, a peptide differing from (O-Tryp 16) 
Chy 4 only in the absence of the single histidine residue. Forma- 
tion of (O-Tryp 16)Chy 3 may be attributed to some cleavage 
of the histidyl bond in O-Tryp 16. The isolation of (O-Tryp 16) 
Chy 3, therefore, constitutes cofffirmatory evidence for the chy- 
motryptic fission at histidine observed with the intact protein 


Studies on Structure of Ribonuclease 


Vol. 235, No.3 


(2). The poor yield of (O-Tryp 16)Chy 3 is not unexpected 
inasmuch as chymotrypsin does not readily cleave peptide bonds 
adjacent to free a-amino groups, and has not hitherto been re. 
ported to cleave proteins or synthetic substrates at the carboxy] 
bond of histidine. 

The results presented in this paper offer very strong support 
for the validity of the partial structural formula for oxidized 
ribonuclease proposed previously (2). More detailed discussion 
of many of the aspects of the work described here is included jn 
the paper to follow, in which the present studies are considered 
in conjunction with the complete sequence of amino acids ip 
oxidized ribonuclease. 


SUMMARY 


The four peptides of greatest chain length (19 to 22 residues) 
obtained by the tryptic hydrolysis of performic acid-oxidized 1}- 
borfuclease have been further hydrolyzed by the action of chy- 
motrypsin. In each instance the principal peptides formed have 
been separated by chromatography on columns of Dowex 50-X2 
and their amino acid compositions determined quantitatively, 
The results obtained are in complete accord with, and offer strong 
support for, the partial structural formula of the oxidized pro- 
tein previously deduced from the amino acid composition of the 
peptides obtained by tryptic, chymotryptic and peptic hydrolysis 
of the intact protein. The present experiments have yielded, 
from the entire length of the peptide chain of oxidized ribonu- 
clease, milligram quantities of purified peptides of suitable size 
for subsequent sequence determinations. 
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In previous studies (3) a partial structural formula for oxidized 
bovine ribonuclease was derived from knowledge of the peptides 
formed by the action of trypsin (4), chymotrypsin (3), and 
pepsin (5). The results showed the order in which the peptides 
were linked to one another to form the single peptide chain of 
| 124 amino acid residues present in the parent molecule. The 
preparation of milligram quantities of each of 24 peptides of a 
size suitable for sequence determination is described in the pre- 
ceding paper (6). The present communication reports the re- 
sults of sequence studies on each of the peptides, studies which 
have led to the proposed complete formula for oxidized ribonu- 
clease given in Fig. 1. 


GENERAL EXPERIMENTAL APPROACH 


When the experiments described in this paper were begun in 
1955, three chemical and two enzymatic methods were selected 
for the determination of the sequence of amino acid residues in 
the peptides. The chemical methods were stepwise degradation 
with phenyl isothiocyanate, as described by Edman (7); the 
DNP! procedure of Sanger for the determination of amino- 
terminal residues; and, in a few instances, the hydrazinolysis 
method of Akabori and associates, as modified by Braunitzer (8), 
for the identification of carboxyl-terminal residues. The en- 
zymatic procedures involved the use of carboxypeptidase and of 
the leucine aminopeptidase of Spackman et al. (9) for studies 
of the sequences at the carboxyl and the amino ends of the 
peptides, respectively. 

Precise control of the degradative procedures by quantitative 
amino acid analyses was expected to be of decisive importance 
in the structural study, and it was in large part for this reason 
that a rapid and fully automatic procedure for amino acid 
analysis was developed (10). Several considerations entered 
into the decision to use quantitative procedures extensively. 


* Preliminary reports of parts of this work have already ap- 
peared (1, 2). 

t Present address, Biology Department, Brookhaven National 
Laboratory, Upton, New York. Several of the concluding steps 
of this work were completed at Brookhaven under the auspices 
of the United States Atomic Energy Commission. 

1The abbreviations used are: DNP, dinitrophenyl. To con- 
Serve space, the abbreviations normally employed only to desig- 
hate amino acid residues in polypeptides are also used in reporting 
the results of the numerous quantitative amino acid analyses that 
have been needed in order to follow the course of the chemical 
and enzymatic degradations of the peptides. MeSQOz:, methionine 
sulfone; CySO3H, cysteic acid. 


Although quantitative control has not usually been essential in | 
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degradative work designed to elucidate the structures of simpler 
organic molecules, the criteria available for assessing the purity 
of a protein preparation are sufficiently ambiguous to render 
quantitative data at each step helpful in evaluating the possibility 
that a given peptide obtained on degradation might have been 
derived from an impurity in the starting material. It was also 
anticipated that reliable analytical data would warn of any com- 
plications that might arise in the degradative procedures, particu- 
larly in the study of peptides possessing several labile amino 
acid residues such as serine, threonine, glutamine, and asparagine. 
In addition, 10 of the 24 peptides to be studied contained more 
than a single residue of a given amino acid, and two peptides, 
(O-Tryp 4)Chy 1 and (O-Tryp 4)Chy 3, contained three residues 
of serine. In any attempt to establish an unambiguous sequence 
for such peptides, quantitative data would be essential. Precise 
analyses would also help to reveal the existence of unexpected 
linkages in the peptides, should any such be encountered. 
Finally, it was recognized that ultimate proof of the validity of 
any structure that might be proposed for ribonuclease would 
have to rest, as it always has in organic chemistry, upon syn- 
thesis. Since synthesis of a chain of 124 residues seemed unlikely 
in the near future, it seemed valuable to be able to provide com- 
plete quantitative data that would permit future investigators 
to evaluate in detail the experimental basis upon which each 
part of the formula had been derived. In this way, should 
questions arise as a result of new knowledge, it was hoped that 
enough experimental data would be available to make possible a 
reinterpretation of the results without the need for extensive 
additional experimental work. 

In the studies to be described, stepwise degradation has been 
the procedure employed most frequently to establish the se- 
quences of the amino acid residues. Each stage of the Edman 
degradations was followed by quantitative amino acid analysis 
of the peptide remaining after removal of the phenylthiohydan- 
toin of the amino-terminal amino acid. Since the analytical 
procedure requires about 0.5 to 1 umole of a given peptide in 
order to obtain optimal precision, the degradative work was 
carried out with about 10 uwmoles of the initial peptide. This is 
a larger scale than would be required by procedures which depend 
upon identification of the phenylthiohydantoin released, but the 
difficulties attendant upon the identification of the phenylthio- 
hydantoins of serine and threonine (cf. (11)), or their decomposi- 
tion products, are avoided. Moreover, at the time this work 
was begun, no satisfactory method for the quantitative deter- 
mination of phenylthiohydantoins existed, though one has been 
described in the meantime by Sjéquist (12). Qualitative identifi- 
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chy 


Lys.Glu.Thr.Ala.Ala: ‘Ala. Lys Ser. Thr Ser. Ser. Asp. His.Met. atu! Ala.Ala.— 


1 2 3 4 5 6 8 9 i1 


12 


133 4@ 15 16 «(19 20 


ser. Asp. Tyricys. Asp Glu -Met.Met. Asp. Leu! Thr. Lyslasp 


Pep Chy Pep 


32 33 36 38 


Fep 


Cys.Lys.Pro.Val. Asp. Thr:Phe!val. His.Glu.Ser. Leu:Ala. Asp.Val ‘Ala-Val.Cys.5er. Giu— 


40 41 42 43 44 45 46 


Tryp 


47 48 49 50 51 


cay 


chy 
Lys!Asp'Val.Ala Cys. ASP Glu. Cys Ser. Tyr’ Ser.Thr Met 'Ser. Iteu.Thr.— 


61 62 £63 


Tryp 


64 65 67 = 


Chy Tryp hy 


Asp.Cys. ser.Thr. Pro. Asp. Ala.Cys. Thr. Asp. Ala Ly 
94 


83 8 65 86 87 88 = 2 7% 


chy Pep 


Chy-Fep 


955 98 $99 100 101 102 103 


Chy-Pep 


NH 
His! leu Iteu Val Ala.Cys.Glu.Gly.Asp.Pro. Tyr'Val.Pro.Val.His Phe! Asp. Ala.ser.Va1. 


105 106 107 108 109 110 i M2 113 «114 86115 


Fic. 1. The sequence of amino acid residues in oxidized bovine 
ribonuclease. The amino acids are arranged in a single chain of 
124 residues. In the oxidized protein, each half-cystine residue in 
the original protein is present as a cysteic acid residue, and each 
residue of methionine as the sulfone. The points of cleavage of 


cation of the phenylthiohydantoin by paper chromatography has 
sometimes been used in the present studies to supplement the 
analytical data. 

Analysis of the residual peptide as a method for following the 
Edman degradations has the disadvantage that differentiation 
cannot be made between glutamic acid and glutamine, and 
aspartic acid and asparagine. Although such a differentiation 
could be made by paper chromatography of the phenylthiohydan- 
toin split off, it was expected that partial deamidation of peptides 
might occur during an extensive series of stepwise degradations. 
For this reason, htydrolyses of the intact peptide by carboxy- 
peptidase or leucine aminopeptidase, followed by quantitative 
amino acid analyses were used whenever possible for the identifi- 
cation of glutamic and aspartic acids and their amides. 

The enzymes not only provided information as to the distribu- 
tion of amide groups in the peptides, but also were useful in 
helping to establish the sequences of some of the residues. In 
general, however, kinetic studies of the release of free amino 
acids by these enzymes gave results which could not be inter- 
preted beyond two or three residues from either end of the pep- 
tide, unless considered in conjunction with the results of stepwise 
degradation. 

In determining the amino terminal residue in peptides by the 
DNP procedure of Sanger, acid hydrolysates of the DNP-pep- 
tides were analyzed quantitatively both for the DNP-amino 
acids present (by paper chromatography), and for the free amino 
acids remaining (by ion exchange). 

The free amino acids remaining after hydrazinolysis were also 
determined quantitatively by ion exchange chromatography. 


116 «IT 


118 119 120 i21 122 123 124 


trypsin (Tryp), indicated by the solid vertical line, of chymotryp- 
sin (Chy), by the dashed vertical line, and of pepsin (Pep), by 
the dotted vertical line, are deduced from information already 
presented ((3), Fig. 4) together with the sequence data described 
in this communication. 


EXPERIMENTAL PROCEDURES 


Materials—The preparation of the peptides required for the 
present studies has already been described (3, 4, 6). The amino 
acid analyses of the actual samples employed are given in the 
preceding paper (6). 

The carboxypeptidase was obtained from Worthington Bio- 
chemical Corporation (Lots CO562DFP and C0O575DFP, 
treated with diisopropylphosphorofluoridate). 

The leucine aminopeptidase was isolated from swine kidney 
by the procedure of Hill and Smith (13), with omission of the 
final electrophoretic purification step. Despite the fact that the 
activity of our preparations (C, of 0.65 and 9.1) was lower than 
that recommended by Hill and Smith, the preparations proved 
entirely suitable. 

Amino Acid Analyses—Acid hydrolysates were prepared in 
evacuated sealed tubes, as described before (3). Most of the 
analyses were performed by ion exchange chromatography (14) 
with the automatic recording equipment of Spackman e¢ al. (10). 
Corrections were made for the decomposition of serine and 
threonine during hydrolysis (cf. accompanying paper (6)). En- 
zymatic hydrolysates were frequently analyzed by the procedure 
in which the 150-cm column is operated initially at 30° (14) 80 
as to permit the separation of asparagine plus glutamine from 
serine. 

Stepwise Degradation—The first step in the Edman procedure 
(7) was followed in a pH-stat.2, Between 10 and 20 umoles of & 


? The instrument used in these studies was based on a Radiom- 
eter Type TTT la Titrator, including the relay operating from 
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peptide were used depending upon the number of degradations 
anticipated. The peptide was mixed with 50 mg of NaCl (added 
to improve the performance of the pH-stat and to minimize 
losses due to spraying in subsequent lyophilizations) in a water- 
jacketed test tube of 10 ml capacity, and the solids were sus- 
pended in 3 to 5 ml of either 30% aqueous dioxane (peroxide 
free, redistilled) or 50% aqueous pyridine. The latter was found 
to be a better solvent for the larger peptides consisting of 7 to 11 
residues. Water at 40° was circulated through the jacket of the 
test tube. While vigorous magnetic stirring was maintained 
with a Teflon-coated stirring bar, N NaOH was added from a 
microburette until the pH of the solution was stabilized at pH 8.8, 
at which point a homogeneous solution was present. The micro- 
pipette was replaced by the motor driven unit of the pH-stat, 
which contained 0.20 n NaOH. A stream of nitrogen that had 
passed through 0.001 n NaOH was blown into the top of the 
tube, which was loosely closed by a polyethylene cover. The 
recorder of the pH-stat was started, and the instrument allowed 
to operate for 5 to 10 minutes. If less than 2 ul of alkali were 
used in 5 minutes, the nitrogen barrier was considered to be 
adequate, and 0.20 ml of redistilled phenyl] isothiocyanate (Math- 
eson, Coleman, and Bell, Inc.) was added. The reaction was 
allowed to continue until the rate of alkali uptake was constant, 
which usually occurred after 2 hours. The mixture was trans- 
ferred quantitatively to a small extractor, and the suspension 
(9 ml) was extracted continuously with cyclohexane. The ex- 
traction was stopped after 2 hours, and the aqueous fraction was 
transferred quantitatively to, and lyophilized in a 30- X 200-mm 
test tube equipped with a $ 29/42 inner joint, which formed 
part of a unit similar to the one described by Edman (7) for 
effecting the cyclization reaction. : 

To carry out cyclization, the dry residue in the tube was sus- 
pended in 5 ml of glacial acetic acid, and the suspension was 
heated, with exclusion of moisture from the air, in a boiling water 
bath for 60 minutes, while a stream of dry hydrogen chloride was 
passed through. The resulting suspension was lyophilized. The 
residue was suspended in 30 ml of water saturated with ether, 
and the solution was extracted continuously with ether for 16 
hours. The ethereal extract was saved for isolation of phenyl- 
thiohydantoins, whereas the aqueous fraction was concentrated 
under reduced pressure to a volume of about 5ml. After quanti- 
tative transfer to a 10-ml volumetric flask with water, the volume 


the thyratron circuit of the titrator. The relay was used to 
actuate a synchronous motor, geared to provide a shaft speed of 
lr.p.m. The output shaft of the motor could be connected 
through a suitable mechanical clutch to a Gilmont Ultramigro- 
buret. Auxiliary reduction gears transmitted the rotation of |the 
micrometer screw of the buret to a 10-turn Helipot and to a cam 
arranged to trip a forward limit microswitch. By disengaging'the 
clutch, the burette could be filled manually. An arrangement of 
a 1.5-volt dry battery, resistors, and Helipots similar to that de- 
scribed by Neilands and Cannon (15) for a somewhat different type 
of titrator, was used to provide a voltage that was applied po- 
tentiometrically to the Helipot geared to the burette shaft. The 
output voltage of this Helipot was registered continuously with a 
10-millivolt Leeds and Northrup , Type G Speedomax recorder, 
with a 2-second balancing time, and equipped with gears to pro- 
vide a chart speed of 6 inches per hour. By adjustment of the 
input voltage and selection of the appropriate range resistance, 
full scale of the recorder could be arranged to correspond to 0.1, 
0.2, 0.3, 0.5, and 1.0 ml on the burette. The pH was measured 
with a Radiometer Type G 222 At glass electrode and a Beckman 
Type 270 reference electrode. The latter should have a fiber 
rather than a palladium plug. 
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was adjusted to the mark, and a suitable aliquot of the solution 
was removed for hydrolysis and quantitative amino acid analysis. 
The remainder of the solution was lyophilized and submitted to 
the next stage of the degradation. 

In earlier experiments, attempts were made to follow the course 
of the cyclization reaction of the phenylthiocarbamyl-peptides 
spectrophotometrically, as described by Fraenkel-Conrat et al. 
(11). This proved to be feasible only for the first two or three 
stages of the degradation (cf. Elliott and Peart (16)). Contami- 
nants with a very high ultraviolet absorption were generated as 
side-products during the stepwise degradations, and interfered 
with spectrophotometric determination of the released phen- 
ylthiohydantoin. For this reason, quantitative amino acid 
analysis was used to evaluate the extent of removal of the amino- 
terminal amino acid. If the analysis indicated that less than 
10% of the amino terminal residue had been removed, the cycliza- 
tion was repeated with a longer exposure to acid. 

When analysis indicated the need for paper chromatographic 
identification of the phenylthiohydantoin, the ethereal solution 
obtained after the cyclization step was dried with anhydrous 
sodium sulfate, and the filtered solution was evaporated to dry- 
ness under reduced pressure. The residual oil was dissolved in 
a few drops of methanol, and the solution was transferred to a 
1-ml volumetric flask with the aid of several rinses with solvent. 
After adjustment of the volume, aliquots of this solution were 
subjected to paper chromatography according to the procedures 
of Edman and Sjéquist (17). 

Amino-terminal Residues by DN P Method—The peptides (0.5 
to 1.0 umole) were dinitrophenylated quantitatively with the use 
of a pH-stat, employing procedure 3 of Fraenkel-Conrat e¢ al. 
(11). Identification and quantitative determination of the 
DNP-amino acids present in hydrolysates of the DNP-peptides 
were carried out by methods described previously (18). The 
aqueous fraction after hydrolysis of the DNP-peptides was em- 
ployed for quantitative amino acid analyses. 

Hydrazinolysis—Braunitzer’s (8) modification of the method 
of Akabori and Ohno was used. The hydrazides were removed 
with benzaldehyde (freshly distilled), and the free amino acids 
remaining were determined by column chromatography. Hy- 
drazinolysis was used primarily for the detection of carboxy]- 
terminal lysine and arginine residues. Lysine was recovered as 
such, but arginine was converted to ornithine in the course of the 
procedure used in the present experiments. Less successful 
results were obtained with peptides which had other amino acids 
at the carboxyl-terminal position. Incomplete hydrazinolysis 
was encountered (cf. (19, 20)) in some instances, as well as non- 
specific liberation of free amino acids from other than the car- 
boxyl-terminal position. The procedure also led to the de- 
composition of carboxyl-terminal residues, since quantitative 
recoveries of the terminal amino acids were not achieved. 

Hydrolysis of Peptides with Carborypeptidase—Carboxy- 
peptidase solutions’ were prepared by suspending about 0.25 ml 
of the aqueous suspension of the enzyme in 6 ml of 2 m NaCl; 
the suspension was stirred gently while 0.01 N NaOH was added 
from a microburet to bring the solution to pH 10, at which point 
all of the enzyme had dissolved. Immediately, 0.6 ml of m 
sodium phosphate buffer at pH 8.0 was added, thereby bringing 


? The procedure for preparing solutions of carboxypeptidase, 
and the spectrophotometric properties of carboxypeptidase, were 
kindly transmitted to us by Dr. M. A. Mitz, of Armour and Com- 
pany, to whom appreciation is expressed. 
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the solution to pH 8.3. After the enzyme solution had stood 
for 2 hours at 4°, any inactive protein that had separated was 
removed by centrifugation in the cold. The enzyme concentra- 
tion was estimated spectrophotometrically, with the following 
data: Aj®*m /0.0123 = concentration of carboxypeptidase in ug 
of protein N per ml.; A*®°/A?6° = 1.86. The enzyme solution 
was used at once. 

For the preliminary experiment, about 0.2 umole of peptide 
was dissolved in 0.2 ml of 0.2 m Tris buffer at pH 8.3. To 0.10 
ml of the solution in a small, glass-stoppered test tube immersed 
in a constant temperature bath at 40° were added 0.01 to 0.05 
ml of the enzyme solution. The remainder of the peptide solu- 
tion was kept for a blank experiment, or for an additional test 
at a different enzyme concentration. Aliquots (0.01 to 0.03 
ml) of the hydrolysate, the peptide solution, and the enzyme 
solution, were withdrawn at intervals and pipetted into test tubes 
containing 0.050 ml of 0.1 nN HCl kept at 0°. These tubes were 
frozen in solid carbon dioxide until required. Portions of these 
solutions were subsequently subjected to paper chromatography 
for qualitative identification of the free amino acids present. 
The solvent systems described by Hausmann et al. (21) were used. 

On the basis of the results obtained in the preliminary experi- 
ments, a suitable ratio of enzyme to substrate was selected for 
an experiment on five to tentimesthe scale. In general, two times 
of hydrolysis were selected, and samples removed at these times 
were subjected to quantitative amino acid analysis. 

The Tris buffer in the samples contributed a small amount of 
ninhydrin-positive material which emerged 3 effluent ml in front 
of lysine on the effluent curves from the 15-cm column used for 
the determination of the basic amino acids. This peak was 
readily differentiated from that due to lysine by the ratio of the 
absorptions at 440 and 570 mu, which was much less than that of 
lysine. The interpretation of the quantitative amino acid analy- 
ses was sometimes complicated by the presence of peptides in the 
enzymatic hydrolysates. Generally the positions on the effluent 
curves assumed by such peptides differed from those of the amino 
acids, and where coincidence occurred, it was usually obvious 
because the peptides gave peaks from the 8% cross-linked resin 
that were not as sharp as those given by amino acids. 

Hydrolysis of Peptides with Leucine Aminopeptidase—Periodi- 
cally, a portion of the enzyme suspension was deproteinized with 
trichloroacetic acid, and the concentration of free amino acids in 
the soluble fraction was determined quantitatively. The level 
of free amino acids derived from contaminating proteins in the 
preparation slowly increased during storage over 18 months. 
Nevertheless, dialysis for the removal of free amino acids was 
not needed, as the quantities of enzyme used were so small as to 
make the contribution of amino acids from the enzyme prepara- 
tion negligible in comparison to the quantities released from the 
substrates. 

Activation of the leucine aminopeptidase was carried out 
according to the procedure of Spackman e¢ al. (9). 

As with carboxypeptidase, preliminary experiments were per- 
formed with about 0.2 umole of peptide dissolved in 0.2 m Tris 
buffer at pH 8.3. To these solutions were added 0.01 to 0.05 
ml of diluted, activated leucine aminopeptidase suspension, and 
the course of the hydrolysis was followed as described in the 
experiments with carboxypeptidase. On the basis of these pre- 
liminary experiments, the degradation of the peptides was re- 
peated with approximately 1 to 2 umoles, and the concentration 
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of free amino acids was determined quantitatively at two appro- 
priate times. 
RESULTS 


The peptides will be considered in the order in which they occur 
along the peptide chain of ribonuclease, beginning at the amino 
end (cf. (3) Fig. 4, and (6) Fig. 2). The designations of the 
peptides have been explained previously (3, 6). The numbers 
in parentheses next to each peptide are the residue numbers 
(Fig. 1), beginning at the amino end of the chain. The results 
of the sequence determination for each peptide will be presented 
in summary form. The amino acid composition of each peptide 
is given in Tables I and II of the accompanying paper (6), and 
will not be repeated here. The molar ratios given after each step 
of the Edman degradations refer to the analyses of the residual 
peptide. The amino acid lost at each step is given in bold face 
type. The yields obtained after each step are calculated from 
the amino acid analyses on the basis of the amount of peptide 
submitted to the step in question, not to the amount of original 
peptide used in the first step. All yields are corrected for aliquots 
withdrawn for analytical purposes. All enzymatic hydrolyses 
were carried out at pH 8.3 and 40° unless otherwise indicated. 


O-Tryp 10—Lys.Glu. Thr. Ala. Ala. Ala. Lys (1-7) 


DNP-end Group—Lys, 0.70 residue (cf. (4, 22)). 

Hydrazinolysis—Lys, 0.40. 

Carboxrypeptidase—Peptide concentration, 1.7 mM; enzyme 
concentration, 0.020 mg N per ml. Amino acids released: 6.0 
hours, 25°; Lys, 1.00; Ala, 3.15; Thr, 0.65; Glu, 0.00. 

The structure of this peptide was deduced previously from the 
assumed specificity of trypsin, the known amino-terminal se- 
quences in the intact protein (as determined by Anfinsen et al. 
(22)), and the amino acid composition of the peptide. Con- 
firmation of the derivation was provided by the present experi- 
ments that showed the presence of a lysine residue at each end 
of the peptide by the DNP and hydrazinolysis procedures. 
Hydrolysis with carboxypeptidase confirmed the sequence, 
Thr. Ala. Ala. Ala. Lys, thereby also placing the glutamic acid 
residue. This assignment of glutamic acid was confirmed on 
Edman degradation of O-Chy 25 (cf. p. 643). 
an equivalent of ammonia in the hydrolysate ((6), Table II), 
was evidence for the presence of glutamic acid, rather than 
glutamine. 


O-Tryp 15-Phe.Glu. Arg (8-10). 


Edman Degradation— 

First step: 90%; Phe, 0.19; Glu, 1.05; Arg, 1.00. 
Second step: 75%; Phe, 0.07; Glu, 0.32; Arg, 1.00. 

The structure of this peptide was derived earlier (3) on the 
basis of the specificities of trypsin and chymotrypsin. The con- 
clusion is confirmed by the Edman degradation. The absence 
of an equivalent of ammonia in the hydrolysate ((6), Table II) 
was evidence for the presence of glutamic acid rather than gluta- 
mine. 


O-Tryp 4—Ser. Thr. Ser. Ser. Asp-NH2. His. MeSO,. Glu.- 
Ala. Ala.Ser.Ser.Ser. Asp-NH2.Tyr.CySO3H . Asp- 
Glu-N Hz. MeSO.. MeSOz. Lys. (11-31). 


DN P-end Group—No DNP-amino acid was identified. When 


the reaction was carried out at pH 8.5 a residual peptide of the | 
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following composition was obtained in 85% yield: Ser, 5.23; 
Thr, 1.08; Asp, 3.02; His, 0.76; MeSOz, 2.95; Glu, 1.96; Ala, 2.06; 
Tyr, 0.00; CySO;H, 1.02; Lys, 0.60. No DNP-amino acid was 
identified when the reaction was carried out at pH 9.3. A 
residual peptide of the following composition was obtained in 
over 80% yield: Ser, 5.00; Thr, 1.07; Asp, 3.01; His, 0.54; 
MeSO2, 2.87; Glu, 1.98; Ala, 2.09; Tyr, 0.00; CySOsH, 1.02; 
Lys, 0.42. 

Edman Degradation— 

First step: 85%; Ser, 5.35; Thr, 1.08; Asp, 2.98; His, 0.88; 
MeSOz, 2.95; Glu, 1.91; Ala, 2.06; Tyr, 0.91; 
CySO3H, 1.03, Lys, 0.77. 

Second step: 60%; Ser, 4.80; Thr, 0.86; Asp, 2.99; His, 0.95; 
MeSO2, 2.90; Glu, 1.97; Ala, 1.95; Tyr, 0.80; 
CySO3H, 1.13; Lys, 0.40. 

The results of both the DNP and Edman procedures indicate 
that serine is the amino-terminal amino acid. Failure to obtain 
DNP-serine is not surprising; a similar experience was reported 
by those working on the structure of adrenocorticotropic hor- 
mone (23). Analysis of the residual peptide shows that serine 
has been lost. The two steps of the Edman degradation are 
consistent with the sequence given, which was derived from 
studies of the smaller peptides formed by chymotryptic hy- 
drolysis of O-Tryp 4. Losses of histidine and lysine during the 
Edman procedure, owing to side reactions, are frequently ob- 
served. Since the results of Redfield and Anfinsen (24) indicate 
that glutamic acid should occupy the amino-terminal position in 
O-Tryp 4, it is important to note that the residual peptides re- 
maining after treatment with fluorodinitrobenzene, and after 
two successive stages of the Edman degradation, all contain as 
much glutamic acid as the original O-Tryp 4. 


(O-Tryp 4)Chy 1—Ser.Thr.Ser.Ser. Asp-N H2. His.- 
MeSO,. Glu (11-18) 


DNP-end Group—Ser, 0.30. Residual peptide: Ser, 2.35; 
Thr, 0.90; Asp, 1.00; MeSOz, 1.02; Glu, 0.99; His, not determined. 

Hydrazinolysis—Ser, 0.18. 

Leucine Aminopeptidase—Peptide concentration, 0.50 mm; 
enzyme concentration, 0.016 mg N per ml. Amino acids re- 
leased: 120 minutes; Ser + Asp-NH, + Glu-NHe, 0.12; Thr, 0.06. 
28 hours; Ser + Asp-NH2 + Glu-NHbp, 0.46; Thr, 0.23; His, 0.06. 

Carboxypeptidase—Peptide concentration, 1.0 mm; enzyme 
concentration, 0.013 mg N per ml. Amino acids released: 60 
minutes; Ser, 0.32; Thr, 0.16. 18 hours; Ser, 0.41; Thr, 0.22. 

Edman Degradation— 


First step: 82%; Ser, 2.20; Thr, 0.98; Asp, 1.03; His, 0.99; 
MeSOQ,, 1.08; Glu, 0.97. 

Second step: 79%; Ser, 2.05; Thr, 0.69; Asp, 1.01; His, 0.96; 
MeSOz, 1.06; Glu, 0.97. 

Third step: 82%; Ser, 1.58; Thr, 0.45; Asp, 0.99; His, 0.87; 
MeSO,, 1.12; Glu, 1.00. 

Fourth step: 64%; Ser, 0.98; Thr, 0.27; Asp, 0.93; His, 0.90; 
MeSOQ,, 1.19; Glu, 0.98. 

Fifth step: 74%; Ser, 0.75; Thr, 0.19; Asp, 0.74; His, 0.89; 
MeSO,, 1.07; Glu, 1.04. 

Sixth step: 95%; Ser, 0.42; Thr, 0.09; Asp, 0.46; His, 0.56; 


MeSO,, 1.00; Glu, 0.95. 
Seventh step: 95%; Ser, 0.37; Thr, 0.13; Asp, 0.43; MeSO,, 0.61; 
Glu, 1.00; His (not determined). 
The chemical evidence for the presence of an amino-terminal 
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serine residue receives support from the data obtained with 
leucine aminopeptidase. The work of Redfield and Anfinsen 
(24) indicates that glutamic acid should occupy the amino- 
terminal position in this peptide. Since the analysis of (O-Tryp 
4)Chy 1 after dinitrophenylation failed to reveal any loss what- 
ever of glutamic acid, and no DNP-glutamic acid was detected 
on the paper chromatogram, it was thought that the difference 
in results might have been brought about by the different meth- 
ods used to dinitrophenylate the peptides. The result given 
above was obtained from a peptide dinitrophenylated in the pH- 
stat. Virtually identical results were obtained with the peptide 
when the reaction with fluorodinitrobenzene was carried out 
according to Levy (25), which was the technique employed by 
Redfield and Anfinsen. 

Furthermore, the peptides produced by the action of papain 
on (O-Tryp 4)Chy 1 (6) permit subdivision of the residues into 
the following groups: (Sere, Thr), (Asp, Ser), and (His, MeSOz, 
Glu). These results are in accord with the structure given and 
provide further evidence that glutamic acid is in the carboxyl 
region of (O-Tryp 4)Chy 1. 

The failure to obtain free glutamic acid when peptide (O-Tryp 
4)Chy 1 was treated with carboxypeptidase is consistent with 
the knowledge that the enzyme acts at a negligible rate on 
carboxyl-terminal glutamic acid under the conditions employed; 
carboxypeptidase action also stopped before glutamic acid in 
(O-Tryp 9)Chy 7. The unusual time dependence of the libera- 
tion of free serine and threonine would seem to point to spontane- 
ous hydrolysis of the peptide or nonspecific hydrolysis by the 
enzyme as possible explanations. Carboxypeptidase (0.044 mg 
N per ml) also liberated serine and threonine from peptide O-Chy 
21(4.3 mm). This peptide has the same amino acid composition 
as (O-Tryp 4)Chy 1 with a glutamic acid and an arginine residue 
added to the amino end. After 15 minutes of enzymatic action 
0.29 equivalent of serine and 0.21 equivalent of threonine had 
been liberated, whereas after 22 hours, the amounts were 0.87 
and 0.49 equivalent, respectively. 

The results obtained by hydrazinolysis were reproducible. 
No free glutamic acid was found, which is not unexpected since 
glutamic acid is normally largely destroyed by the treatment 
with hydrazine. The presence of serine in the reaction product 
was considered to be due to nonspecific cleavage (cf. (O-Tryp 
4)Chy 3 as an example of this). 

The analysis of peptide (O-Tryp 4)Chy 1 showed the presence 
of an amide group. The results with leucine aminopeptidase 
indicate that this group is situated on the aspartic acid residue, 
since otherwise free aspartic acid should have been observed in 


the hydrolysate. 


(O-Tryp 4)Chy 3—Ala. Ala. Ser. Ser. Ser.- 
Asp-NH,.Tyr (19-25) 


Hydrazinolysis—Ser, 0.16; Tyr, 0.14; Ala, 0.09. 

Leucine Aminopeptidase—Peptide concentration, 0.90 mm; 
enzyme concentration, 0.024 mg N per ml. 

Amino acids released: 90 minutes; Ala, 1.58; Ser, 1.88; Asp- 
NH, 0.54; Tyr, not determined. 

Carboxrypeptidase—Peptide concentration, 1.0 mM; enzyme 
concentration, 0.019 mg N per ml. Amino acids released: 120 
minutes; Tyr, 0.50; Asp-NHb2, 0.14; + 2 major peptides and 1 
minor peptide. Peptide concentration, 0.70 mM; enzyme con- 
centration, 0.012 mg N per ml. Amino acids released: 18 hours; 
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Tyr, 0.75; Ser + Asp-NHb, 0.24; Ala, 0.13; + 2 major peptides, 
3 minor peptides. Peptide concentration, 2 mM, enzyme con- 
centration, 0.027 mg N per ml of amino acids released: 20 min- 
utes, Tyr, 0.31; Asp-N Hp, 0.06; Ser, 0.04; 40 minutes, Tyr, 0.48; 
Asp-NHbp, 0.10; Ser, 0.05. 

Edman Degradation— 

First step: 66%; Ala, 1.11; Ser, 2.94; Asp, 1.00; Tyr, 0.85. 
Second step: 66%; Ala, 0.20; Ser, 3.00; Asp, 1.00; Tyr, 0.64. 
Third step: 60%; Ala, 0.14; Ser, 2.03; Asp, 1.00; Tyr, 0.68. 
Fourth step: 66%; Ala, 0.15; Ser, 1.70; Asp, 1.00; Tyr, 0.47. 
Fifth step: 54%; Ala, 0.05; Ser, 1.18; Asp, 1.00; Tyr, 0.35. 

Edman degradation established the sequence Ala. Ala.Ser .Ser. 
As frequently proved to be the case, the fourth and fifth steps 
in the reaction did not give good yields of the expected products. 
There was a considerable progressive loss of tyrosine during the 
degradation, the reasons for which are not known, although a 
similar phenomenon was observed with other tyrosine containing 
peptides such as (O-Tryp 2)Chy 3 and O-Tryp 14. Leucine 
aminopeptidase proved the presence of asparagine, rather than 
aspartic acid, and the rest of the data were in accord with the 
structure given. The sequence Asp-NH2.Tyr at the carboxyl- 
end rests on the results with carboxypeptidase. Hydrazinolysis 
did not yield conclusive information owing to extensive decom- 
position of the carboxyl-terminal tyrosine and nonspecific hy- 
drolysis. 

Since the amino-terminal amino acid in this peptide is not the 
same as the one in the parent peptide, O-Tryp 4, and since the 
peptide contains no lysine, it is placed in the middle of O-Tryp 4 
(cf. (6), Fig. 2). 


(O-Tryp 4)Chy 2—CySO3H . Asp-NH2. Glu-N H2. MeSOz.- 
MeS0O,. Lys (26-31) 


Hydrazinolysis—Lys, 0.75. 

Leucine Aminopeptidase—Peptide concentration, 0.80 mM; 
enzyme concentration, 0.22 mg N perml. Amino acids released: 
18 hours; Asp-NH, + Glu-NHb2, 0.06; Lys, 0.02; cysteic acid 
and methionine sulfone could not be determined, although pres- 
ent, owing to the appearance of overlapping peaks from peptides. 

Carboxypeptidase—Peptide concentration, 1.2 mM; enzyme 
concentration, 0.046 mg N per ml. Amino acids released: 24 
hours; MeSO:, 0.68; Asp-NH2 + Glu-NHb, 0.08; Lys, not deter- 
mined. Peptide concentration, 6 mM; enzyme concentration, 
0.052 mg N per ml. Amino acids released: 60 minutes; Lys, 
0.89; MeSOz, 0.99; Asp-NH, + 0.05. 

Edman Degradation— 


First step: 76%; CySO3H, 0.27; Asp, 1.03; Glu, 1.03; MeSO», 
1.95; Lys, 1.00. 

Second step: 48%; CySO3H, 0.13; Asp, 0.42; Glu, 0.89; MeSO., 
2.00; Lys, 0.70. 


Third step: 55%; CySO3H, 0.12; Asp, 0.34; Glu, 0.78; MeSOnz, 
2.00; Lys, not determined. : 

Hydrazinolysis showed the carboxyl-terminal residue to be 
lysine, while the Edman degradation revealed the sequence 
CySO3H.Asp.Glu. The results of the enzymatic hydrolyses 
were in agreement with the structure shown above. The pres- 
ence of two amide groups was revealed by the amino acid analysis 
((6), Table I) and was confirmed by the action of leucine amino- 
peptidase which liberated asparagine + glutamine but no free 
aspartic or glutamic acids. The fact that (O-Tryp 4)Chy 3 


possesses a carboxyl-terminal lysine places it at the carboxyl 
end of O-Tryp 4. 
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O-Tryp 12—Ser. Arg (32, 33) 


DNP-end Group—Ser, 0.30. Residual peptide: Ser, 0.75; 
Arg, 1.00. 


O-Tryp 11—Asp-NH2. Leu. Thr. Lys (34-37) 


Hydrazinolysis—Lys, 0.80; Leu, 0.07. 

Carborypeptidase—Peptide concentration, 2.0 mM; enzyme 
concentration, 0.027 mg N per ml. Amino acids released, 5 
hours: Lys, 1.00; Thr, 1.00; Leu, 0.35; Asp-NHe, 0.29. 

Edman Degradation— 
First step: 70%; Asp, 014; Leu, 1.00; Thr, 0.98; Lys, 0.97. 

Hydrazinolysis proved that lysine was carboxyl-terminal, and 
carboxypeptidase that the next to the last residue was threonine. 
The Edman degradation showed the amino terminal residue to 
be aspartic acid or asparagine. The choice in favor of the latter 
was indicated by the presence of an equivalent of ammonia in 
the hydrolysate of the peptide ((6), Table II), and was confirmed 
when asparagine was identified among the products formed by 
carboxypeptidase. 


O-Tryp 7—Asp. Arg (88-39) 


DN P-end Group—aAsp, 0.70; Residual peptide: Asp, 0.28; Arg, 
1.00. 

The acid hydrolysate did not contain an equivalent of am- 
monia, indicating that an aspartic acid rather than an asparagine 
residue was present. 


O-Tryp 9—CySO3H . Lys. Pro. Val. Asp-NH:2-Thr. Phe. Val.- 
His.Glu.Ser. Leu. Ala. Asp. Val. Glu-NH:2. Ala.- 
Val.CyS0O3H . Ser. Glu-N Hz. Lys (40-61) 


Hydrazinolysis—Lys, 0.65. 

Edman Degradation— 

First step: 84%; CySOsH, 1.12; Lys, 0.95; Pro, 1.01; Val, 3.84; 
Asp, 2.00; Thr, 0.97; Phe, 1.02; His, 0.95; Glu, 2.98; 
Ser, 1.90; Leu, 1.02; Ala, 2.14. 

Second step: 90%; CySO3H, 0.70; Lys, 0.70; Pro, 0.90; Val, 3.77; 
Asp, 1.95; Thr, 0.70; Phe, 0.99; His, 0.95; Glu, 3.25; 
Ser, 1.81; Leu, 0.91; Ala, 2.14. 

The phenylthiohydantoin of lysine was identified by paper 

chromatography. 

The structure of this peptide is deduced from the amino- and 
carboxyl-end group determinations on the intact peptide and the 
sequence of amino acids determined for the smaller peptides 
formed from O-Tryp 9 by chymotryptic hydrolysis, as described 
below. 


(O-Tryp 9)Chy 5—CySO3H . Lys. Pro. Val. Asp-N H:2.- 
Thr. Phe (40-46) 


Leucine Aminopeptidase—Peptide concentration, 0.90 mm; 
enzyme concentration, 0.015 mg N per ml. Amino acids liber- 
ated: 25 hours; CySO3H, 0.22; Pro, 0.10; Val, 0.19; Phe, 0.30; 
Asp-NH, + peptide, 0.24; Thr + peptide, 0.28; Lys + peptide, 
less than 0.03. 

Carboxypeptidase—Peptide concentration, 0.90 mm; enzyme 
concentration, 0.015 mg N per ml. Amino acids released: 40 
minutes; Phe, 0.86; Thr, 0.29; Asp-NH2 + peptide, 0.10; Lys, 
not determined; 3 major peptides. 24 hours; Phe, 0.90; Thr, 
0.79; Asp-N Hp, 0.74; Lys, < 0.01; one major peptide. 

Edman Degradation— 

First step: 70%; CySO3H, 0.05; Lys, 0.45; Pro, 1.02; Val, 1.01; 
Asp, 1.02; Thr, 1.01; Phe, 0.99. 
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Second step: 75%; CySO3H, 0.05; Lys, 0.08; Pro, 1.06; Val, 1.15; 
Asp, 0.92; Thr, 0.94; Phe, 1.02. The major phenyl- 
thiohydantoin detected by paper chromatography 
was that of lysine. 
80%; CySO3H, 0.08; Lys, not determined; Pro, 
0.15; Val, 1.01; Asp, 0.89; Thr, 0.64; Phe, 0.70. 
The major phenylthiohydantoin detected by paper 
chromatography was that of proline. 
Fourth step: 62%; CySO3H, 0.05; Lys, not determined; Pro, 
0.08; Val, 0.27; Asp, 1.00; Thr, 0.56; Phe, 0.56. 
The presence of 1 equivalent of ammonia in the acid hy- 
drolysate of the peptide ((6), Table I) indicated one amide group, 
which was confirmed by the demonstration of Asp-N He: in both 
enzymatic hydrolysates. Carboxypeptidase revealed the se- 
quence Asp-NH2.Thr.Phe at the carboxyl-end. The results 
of the Edman degradation established the sequence CySO;H. 
Lys.Pro.Val. Since the e-phenylthiocarbamyl derivative of 
lysine is difficult to hydrolyze completely, the lysine recovery in 
the first step of the degradation was low, but no phenylthio- 
hydantoin of lysine was detected until the second step was carried 
out. The progressive loss of equimolar amounts of threonine 
and phenylalanine in steps three and four cannot be explained 
with certainty. It may be that some hydrolysis occurred at the 
Asp-NH:2. Thr bond with the formation of Thr. Phe which subse- 
quently reacted with phenyl isothiocyanate and then failed to 
cyclize. Threonine derivatives frequently cyclize with difficulty, 
and the phenylthioureido dipeptide would be removed by the 
ether used to extract the phenylthiohydantoin, resulting in a 
loss of both threonine and phenylalanine in equimolar quantities. 
The results with leucine aminopeptidase were also difficult to 
interpret. Apparently, hydrolysis of the cysteic acid-lysine bond 
was the rate-limiting step, after which the remaining hexapeptide 
was completely hydrolyzed relatively rapidly. There may have 
been a peptide under the phenylalanine peak. There was an 
unaccountable loss of both proline and lysine. <A disappearance 
of proline and a neighboring residue was also observed when 
both O-Tryp 14 and (O-Tryp 16)Chy 5 were hydrolyzed with 
leucine aminopeptidase. A similar phenomenon was noted by 
Hill and Smith (26). 


(O-Tryp 9)Chy 7—Val. His. Glu. Ser. Leu (47-61) 


Leucine Aminopeptidase—Peptide concentration, 0.50 mm; 
enzyme concentration, 0.150 mg N per ml. Amino acids re- 
leased: 26 hours; Val, 0.95; Glu, 1.04; Ser, 1.01; the leucine and 
histidine determinations were lost. 

Carboxypeptidase—Peptide concentration, 3.5 mM; enzyme 
concentration, 0.029 mg N per ml. Amino acids released: 20 
minutes; Leu, 1.00; 24 hours; Leu, 1.00; Ser, 0.04. 

Edman Degradation— 


Third step: 


First step: 90%; Val, 0.09; His, 0.83; Glu, 1.11; Ser, 1.03; Leu, 
1.03. 

Second step: 89%; Val, 0.02; His, 0.23; Glu, 1.06; Ser, 1.00, Leu, 
0.95. 

Third step: 36%; Val, < 0.01; His, 0.25; Glu, 0.41; Ser, 0.99; 
Leu, 1.01. 

Fourth step: 49%; Val, < 0.01; His, 0.25; Glu, 0.31; Ser, 0.40; 
Leu, 0.58. 


The presence of free glutamic acid rather than glutamine was 
demonstrated by the action of leucine aminopeptidase. Even 
though the leucine and histidine determinations were lost, the 
quantitative recovery of the remaining amino acids indicated 
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that complete cleavage of the peptide had taken place. The 
histidine that persists during the Edman degradation may arise 
in part from hydrolysis of the phenylthiohydantoin which is not 
extracted by ether. The last step is of limited value; some of 
the carboxyl-terminal leucine apparently reacts, but the decrease 
in serine is greater, in agreement with the conclusion that it is 
the next to final residue in the peptide. 


(O-Tryp 9)Chy 2—Ala. Asp. Val. Glu-NH; (52-55) 


Leucine Aminopeptidase—Peptide concentration, 1.0 mm; 
enzyme concentration, 0.015 mg N per ml. Amino acids re- 
leased: 24 hours; Ala, 1.09; Asp, 0.93; Val, 1.09; Glu-NHb, 0.89. 

Edman Degradation— 

First step: 85%; Ala, 0.18; Asp, 0.95; Val, 1.06; Glu, 0.99. 
Second step: 43%; Ala, 0.08; Asp, 0.08; Val, 1.01; Glu, 0.99. 
Third step: >40%; Ala, 0.09; Asp, 0.09; Val, 0.31; Glu, 1.00. 

Analysis of the hydrolysate obtained with leucine amino- 
peptidase showed there was only one amide group in the peptide, 
one equivalent of free aspartic acid, and no free glutamic acid. 


(O-Tryp 9)Chy 4—Ala. Val.CySO3H . Ser.Glu-NH2. Lys 
(56-61) 


Leucine Aminopeptidase—Peptide concentration, 0.85 mM; 
enzyme concentration 0.015 mg N per ml. Amino acids re- 
leased: 25 hours; Ala, 0.60; CySO3H, 0.13; Ser, 0.13; Glu-NHb, 
0.08; there was a peptide overlapping the free valine that was 
present and also one at the lysine position. Two additional 
peptides were noted. 

Edman Degradation— 

First step: 25%; Ala, <0.01; Val, 1.837; CySO3H, determina- 
tion lost; Ser, 1.06; Glu, 0.97; Lys, not determined. 

Second step: 55%; Ala, <0.01; Val, 0.10; CySO3;H, 1.03; Ser, 
1.00; Glu, 0.97; Lys, not determined. 

Third step: 57%; Ala, <0.01; Val, <0.01; CySO;H, 0.21; Ser, 
1.00; Glu, 1.00; Lys, not determined. 

Fourth step: 80%; Ala, <0.01; Val, <0.01; CySO3H, 0.17; Ser, 
0.55; Glu, 1.00; Lys, not determined. | 

The presence of one equivalent of ammonia in the acid hy- 
drolysate ((6), Table I) indicated the presence of one amide 
which was confirmed by the demonstration of glutamine in the 
hydrolysate obtained with leucine aminopeptidase. In the first 
step of the Edman degradation, the cysteic acid analysis was lost, 
but since this amino acid was still present after the next stage, a 
repetition of the initial step was not required. Lysine is placed 
at the carboxyl end by virtue of the specificity of trypsin and be- 
cause lysine has already been shown to be carboxyl-terminal in 


‘O-Tryp 9. The only other lysine residue in O-Tryp 9 has already 


been shown to be at the amino-end between cysteic acid and 
proline. 


O-Tryp 5—Asp-N H2. Val. Ala.CySO3H . Lys (62-66) 


Hydrazinolysis—Lys, 0.65. 

Leucine Aminopeptidase—Peptide concentration, 1.0 mM; en- 
zyme concentration, 0.024 mg N per ml. Amino acids released: 
60 minutes; Asp-NHb2, 0.27; Val, 0.20; a peptide also noted. 8 
hours; Asp-N Hp, 0.91; Val, 0.62; two peptides noted. 

Edman Degradation— 

First step: 62%; Asp, 0.21; Val, 0.82; Ala, 1.03; CySOs3H, 0.95; 
Lys, not determined. 

Second step: 80%; Asp, 0.17; Val, 0.14; Ala, 1.03; CySO;H, 0.97; 
Lys, not determined. 
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Third step: 65%; Asp, 0.13; Val, 0.14; Ala, 0.29; CySO3H, 1.00; 
Lys, not determined. 

The presence of the carboxyl-terminal lysine residue is estab- 
lished by the hydrazinolysis, and the use of leucine aminopepti- 
dase confirms the presence of the asparagine residue suggested 
by the amino acid analysis of the peptide ((6), Table II). Ed- 
man degradation gave the sequence Asp. Val. Ala. 


O-Tryp 2—Asp-NH:2.Gly.Thr. Asp-NH:2. Glu-N H2.CySO3H .- 
Tyr Ser. Ileu.Thr.- 
Asp .CyS0O3H . Arg (67-86) 


Edman Degradation— 

First step: 83%; Asp, 2.22; Gly, 0.91; Thr, 3.01; Glu, 2.12; 
CySO3H, 1.94; Tyr, 1.68; Ser, 3.00; MeSOz, 1.07; 
Tleu, 0.96; Arg, 0.99. 

Second step: 68%; Asp, 2.20; Gly, 0.37; Thr, 2.91; Glu, 2.00; 
CySO3H, 2.00; Tyr, 1.67; Ser, 2.74; MeSO., 1.06; 
Tleu, 0.93; Arg, 1.01. 

The structure of this peptide is deduced from the fact that 
asparagine (or aspartic acid) and glycine occupy the first two 
positions at the amino-end, coupled with the sequence of amino 
acid residues determined for the smaller peptides formed from 
O-Tryp 2 by chymotryptic hydrolysis. 


(O-Tryp 2)Chy 3—Asp-NH:2.Gly.Thr. Asp-NH_2.Glu-N H2.- 
CySO3H . Tyr (67-73) 


Hydrazinolysis—Tyr, 0.14; Gly, 0.10. 

Leucine Aminopeptidase—Peptide concentration, 0.70 mm; en- 
zyme concentration, 0.037 mg N per ml. Amino acids released: 
120 minutes; Asp-NH, + Glu-NH:, 2.86; Gly, 0.85; Thr, 0.87; 
CySO;H, 0.67; Tyr, not determined. Peptide concentration, 2.0 
mM; enzyme concentration, 0.055 mg N per ml. Amino acids 
released: 20 minutes; Asp-NH, + Glu-NHb2, 0.36; Gly, 0.06; 
Thr, 0.06. 45 minutes; Asp-NH. + Glu-NHb, 0.78; Gly, 0.20; 
Thr, 0.15; 90 minutes; Asp-NH. + Glu-NHpe, 1.50; Gly, 0.54; 
Thr, 0.50; 190 minutes; Asp-NH, + Glu-NHb:, 2.73; Gly, 1.00; 
Thr, 1.01; CySO3H, 0.09; Tyr, 0.09. 

Carboxypeptidase—Peptide concentration, 0.40 mm; enzyme 
concentration, 0.010 mg N per ml. Amino acids released: 120 
minutes; Tyr, 0.34; CySO;H (+ peptide), 0.21. 

Edman Degradation— 

First step: 90%; Asp, 1.01; Gly, 1.01; Thr, 1.00; Glu, 1.06; 
CySOsH, 0.96; Tyr, 0.97. 

Second step: 81%; Asp, 1.19; Gly, 0.30; Thr, 0.97; Glu, 1.06; 
CySO3H, 1.02; Tyr, 0.95. 

Third step: 62%; Asp, 1.05; Gly, 0.34; Thr, 0.82; Glu, 1.01, 
CySO3H, 1.00; Tyr, 0.99. 

Fourth step: 65%; Asp, 0.91; Gly, 0.15; Thr, 0.55; Glu, 0.98; 

CySO3H, 1.02; Tyr, 0.60. 

70%; Asp, 0.71; Gly, 0.28; Thr, 0.48; Glu, 0.87; 

CySO3H, 1.00; Tyr, 0.40. 

Carboxypeptidase and leucine aminopeptidase together estab- 
lish the sequence CySO;H.Tyr at the carboxyl-end, and the 
leucine aminopeptidase also shows the presence of three amide 
groups. The Edman degradation is barely interpretable in the 
fourth and fifth steps; the reaction was accompanied by loss of 
tyrosine from the carboxy] end of the peptide, as was noted with 
(O-Tryp 4)Chy 3. The results are adequate, however, to place 
Asp-NH, in the fourth position. The apparent increase in 


Fifth step: 


aspartic acid in the second step of the Edman degradation is 
probably an artifact arising from hydrolysis of some phenyl- 
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thiohydantoin which had not been extracted in the previous 
step. 

Since this peptide, like O-Tryp 2, contains amino-termina] 
asparagine, it is placed at the amino-end of O-Tryp 2. 


(O-Tryp 2)Chy 2-3—Asp-NH2.Gly.Thr. Asp-NH2. Glu-NH,.- 
CySO3H . Tyr. Glu-NH:2.Ser.Tyr (67-76) 


DNP-end Group—Asp, 0.60. Residual peptide Asp, 1.18; Gly, 
1.00; Thr, 1.05; Glu, 2.00; CySO;H, 0.89; Tyr, 0.02; Ser, 1.05. 

Edman Degradation— 

First step: 85%; Asp, 1.40; Gly, 0.91; Thr, 1.05; Glu, 2.05; 
CySO3H, 1.06; Tyr, 1.86; Ser, 1.05. 

Second step: 80%; Asp, 1.12; Gly, 0.60; Thr, 0.98; Glu, 2.12; 
CySO3H, 1.05; Tyr, 1.84; Ser, 0.98. 

This peptide is included because its isolation establishes the 
connection between (O-Tryp 2)Chy 2 and 3. The stepwise 
degradation demonstrates the sequence Asp.Gly, which is the 
same as that of (O-Tryp 2)Chy 3 at the amino-end. The amino 
acid analysis of the peptide ((6), Table I) reveals the presence 
of four equivalents of ammonia indicating that all four of the 
dicarboxylic amino acids are present as their amides. 


(O-Tryp 2)Chy 2—Glu-N H2.Ser.Tyr (74-76) (Isolated 
as Pyrrolidone Carboxylyl. Ser. Tyr) 


Hydrazinolysis—Tyr, 0.12. 

Carborypeptidase—Peptide concentration, 1.3 mM; enzyme 
concentration, 0.008 mg N per ml. Amino acids liberated: 30 
minutes; Tyr, 0.90. 20 hours; Tyr, 0.90. 

Edman Degradation—No reaction between the peptide and 
phenylisothiocyanate could be detected in the pH-stat. 

This peptide was earlier shown to be ninhydrin negative, 
which led to the assumption that it contained an amino-terminal 
pyrrolidone carboxylic acid residue that arose by the cyclization 
of what was originally an amino-terminal glutamine residue (3). 
The failure to react with phenylisothiocyanate is in accord with 
this supposition. The placement of tyrosine at the carboxyl-end 
by carboxypeptidase thus establishes the structure. 


(O-Tryp 2)Chy 4—Ser.Thr.MeSO, (77-79) 


Hydrazinolysis—MeSO,, 0.55; Thr, 0.10; Ser, 0.02; several 
peptides. 

Edman Degradation— 

First step: 79%; Ser, 0.09; Thr, 0.98; MeSOz, 1.02. 
Second step: 30%; Ser, 0.16; Thr, 0.58; MeSOz, 1.00. 

Since (O-Tryp 2)Chy 2 has already been shown to follow 
(O-Tryp 2)Chy 3, and (O-Tryp 2)Chy 5 is at the carboxyl end 
of O-Tryp 2, this peptide must follow (O-Tryp 2)Chy 2 in the 
O-Tryp 2 chain. 


(O-Tryp 2)Chy 5—Ser. Ileu. Thr. Asp.CySO3H . Arg (80-85) 


Hydrazinolysis—No arginine found; ornithine, 0.55; one pep- 
tide. 

Leucine Aminopeptidase—Peptide concentration, 1.1 mM; en- 
zyme concentration, 0.070 mg N per ml. Amino acids released: 
90 minutes; Ser, 0.49; Ileu, 0.49; Thr, 0.48; one major peptide; 
Arg, not determined. 20 hours; Ser, 0.69; Ileu, 0.71; Thr, 0.69; 
Asp, 0.15; CySO3H, 0.09; one major peptide; Arg, not deter- 
mined. Peptide concentration, 4.0 mm; enzyme concentration, 
0.020 mg N per ml. Amino acids released: 45 minutes; Ser, 
0.11; Ileu, 0.10; Thr, 0.04; 6 hours; Ser, 0.29; Ileu, 0.28; Thr, 
0.26; Asp, 0.05; CySOs3H, 0.02. 
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Edman Degradation— 

First step: 60%; Ser, 0.03; Ileu, 0.99; Thr, 0.99; Asp, 1.05; 
CySO;H, 1.06; Arg, 0.92. 

Second step: 44%;Ser, <0.01; Neu, <0.01; Thr, 0.98; Asp, 1.03; 
CySO3H, 0.99; Arg, not determined. 

Third step: 52%; Ser, 0.05; Ileu, 0.05; Thr, 0.65; Asp, 1.00; 
CySO3H, 1.00; Arg, not determined. 

Fourth step: 76%; Ser, <0.01; Ileu, <0.01; Thr, 0.36; Asp, 
0.83; CySO;H, 1.00; Arg, not determined. 

Stepwise degradation establishes the sequence Ser. Ileu. Thr.- 
Asp.CySOsH, and the carboxy] terminal arginine residue appears 
as ornithine on hydrazinolysis. The action of leucine amino- 
peptidase confirms the absence of amide in the peptide, as well 
as the sequence Asp. CySQ3H. 


O-Tryp 6—Glu.Ser.Thr.Gly.Ser.Lys (86-91) 


Hydrazinolysis—Lys, 0.75; Gly, 0.18. 

Leucine Aminopeptidase—Peptide concentration, 0.80 mm; en- 
zyme concentration, 0.015 mg N per ml. Amino acids released: 
6 hours; Glu, 0.54; Ser, 0.27; Thr, 0.04; Gly, 0.04; Lys, not deter- 
mined. 42 hours; Glu, 0.98; Ser, 2.00; Thr, 1.00; Gly, 1.02; Lys, 
not determined. Peptide concentration, 6 mM; enzyme con- 
centration, 0.015 mg N per ml. Amino acids released: 10 min- 
utes; Glu, 0.03; Ser, 0.04; Thr, 0.01; Gly, 0.01; Lys not deter- 
mined; 40 minutes: Glu, 0.19; Ser, 0.10; Thr, 0.09; Gly, 0.02; Lys, 
not determined. 

Carboxypeptidase—Peptide concentration, 6 mm; enzyme con- 
centration, 0.046 mg N per ml. Amino acids released: 15 min- 
utes; Ser, 0.003; Lys + a peptide; 6 hours; Ser, 0.075; Lys + a 
peptide. 

Edman Degradation— 


First step: 81%; Glu, 0.14; Ser; 1.90; Thr, 0.98; Gly, 1.00; Lys, 
0.71. 

Second step: 72%; Glu, 0.06; Ser, 1.30; Thr, 0.84; Gly, 1.00; 
Lys, 0.44. 


Third step: 84%; Glu, 0.06; Ser, 1.21; Thr, 0.44; Gly, 1.00; 
Lys, not determined. 

Fourth step: 77%; Glu, 0.03; Ser, 1.00; Thr, 0.36, Gly, 0.50; 
Lys, not determined. 

Fifth step: 81%; Glu, 0.01; Ser, 0.50; Thr, 0.35; Gly, 0.45; 
Lys, not determined. 

The action of leucine aminopeptidase showed the free glutamic 
acid residue required by the analysis ((6), Table II), and also 
demonstrated the presence of the sequence Glu.Ser. Carboxy- 
peptidase indicated the sequence Ser. Lys. Hydrazinolysis also 
revealed that lysine is carboxyl-terminal, while stepwise degrada- 


tion gave the sequence Glu.Ser.Thr.Gly, with good evidence — 


for serine as the fifth residue. In the last step of the Edman 
degradation, the molar ratios are arbitrary and are chosen so as 
to show that serine is reduced in amount relative to glycine and 
threonine. 


0-Tryp 14—Tyr.Pro. Asp-NH2. Ala.CySO3H . Tyr. Lys (92-98) 


Hydrazinolysis—Lys, 0.45. 

Leucine Aminopeptidase—Peptide concentration, 0.80 mm; 
enzyme concentration, 0.015 mg N per ml. Amino acids re- 
leased: 21 hours; Tyr, 0.86; Pro, 0.38; Asp-NH2, 0.84; Ala, 0.46; 
CySO3H, 0.46; one major peptide; Lys, not determined. 

Carboxypeptidase—Peptide concentration, 4 mM; enzyme con- 
centration, 0.053 mg N per ml. Amino acids released: 30 min- 
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utes; Tyr, 0.78; Lys, not determined: 20 hours; Tyr, 1.00; 
CySO3H, 0.02; Ala, 0.08; Lys, not determined. 

Edman Degradation— 

First step: 70%; Tyr, 1.05; Pro, 0.87; Asp, 1.00; Ala, 1.00; 
CySO3H, 1.01; Lys, not determined. 

Second step: 60%; Tyr, 0.97; Pro, < 0.01; Asp, 1.09; Ala, 0.95; 
CySO3H, 0.96; Lys, not determined. 

Third step: 65%; Tyr, 0.59; Pro, < 0.01; Asp. 0.58; Ala, 1.02; 
CySO3H, 0.98; Lys, not determined. 

Fourth step: 41%; Tyr, 0.20; Pro, < 0.01; Asp, 0.34; Ala, 0.79; 
CySO3H, 1.00; Lys, not determined. 

The amide group revealed by amino acid analysis ((6), Table 
II) was confirmed by the presence of asparagine among the prod- 
ucts of the action of leucine aminopeptidase. As with peptide 
(O-Tryp 9)Chy 5, the quantity of proline produced in the hy- 
drolysis by leucine aminopeptidase revealed that a side reaction 
was taking place causing the disappearance of this amino acid. 
As was found with peptides (O-Tryp 4)Chy 3 and (O-Tryp 2) Chy 
3, difficulty with the tyrosine residue at the carboxyl-end of the 
peptide was encountered during the course of the stepwise deg- 
radation. The degradation established the sequence Tyr. Pro. - 
Asp. Ala.CySO3;H. The fact that hydrolysis by carbopeptidase 
stopped almost completely after the release of tyrosine is con- 
sistent with the presence of a cysteic acid residue at the next 
position in the chain. 


O-Tryp 8—Thr.Thr. Asp-NH2. Ala. Glu-N Lys (99-104) 


Hydrazinolysis—Lys, 0.70; Thr, 0.07. 

Leucine Aminopeptidase—Peptide concentration, 0.60 mm; 
enzyme concentration, 0.015 mg N per ml. Amino acids re- 
leased: 120 minutes; Thr, 0.45; Asp-NH2 + Glu-NHb, 0.05; Ala, 
0.03; Lys, not determined. 21 hours; Thr, 1.89; Asp-NH, + 
Glu-NH2, 0.90; Ala, 0.40; Lys, not determined. Peptide con- 
centration, 2.4 mm; enzyme concentration, 0.010 mg N per ml; 
3 hours; Thr, 1.24; Asp-NH, + Glu-NHbp, 0.55; Ala, 0.35. 

Carboxypeptidase—Peptide concentration, 2.2 mm; enzyme 
concentration, 0.035 mg N per ml. Amino acids released: 15 
minutes; Asp-NH, + Glu-N Hp, 0.22; Ala, 0.09; Thr, 0.00; Lys + 
peptide not determined. 60 minutes: Asp-NH, + Glu-NHb, 
1.22; Ala, 0.55; Thr, 0.05; Lys + peptide not determined. 

Edman Degradation— 

First step: 85%; Thr, 1.08; Asp, 1.02; Ala, 1.00; Glu, 0.98; 
Lys, not determined. 

Second step: 79%; Thr, 0.56; Asp, 1.01; Ala, 1.03; Glu, 0.96; 
Lys, not determined. 

Third step: 63%; Thr, 0.40; Asp, 0.81; Ala, 1.01; Glu, 0.99; 
Lys, not determined. : 

Fourth step: 60%; Thr, 0.30; Asp, 0.57; Ala, 0.89; Glu, 1.00; 
Lys, not determined. 

A duplicate Edman degradation gave essentially the same re- 
sults except that the yields were somewhat higher (90, 85, 85, 
and 80%). 

In two previous communications (2, 27), through an error in 
transcribing the above data, the sequence of this peptide was 
incorrectly shown as Thr. Thr. Ala. Lys. 
The present sequence is supported by the results with leucine 
uminopeptidase which demonstrated that neither aspartic nor 
glutamic acid was present and by stepwise degradation which 
revealed the sequence, Thr.Thr.Asp.Ala. Hydrazinolysis 
proved the existence of carboxyl-terminal lysine. The results 
with carboxypeptidase prove that alanine cannot be nearer the 
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carboxyl-end than is glutamine, thus establishing the sequence 
given. 


O-Tryp 16—His. Ileu. Ileu. Val. Ala.CySO3H . Glu. Gly.- 
Phe. Asp. Ala. Ser.Val. (105-124) 


Hydrazinolysis—Val, 0.52. 

Edman Degradation— 

First step: 85%; His, 1.09; Ileu, 1.69; Val, 4.03; Ala, 1.91; 
_CySOsH, 0.86; Glu, 0.98; Gly, 1.01; Asp, 2.03; 

Pro, 2.10; Tyr, 0.78; Phe, 1.11; Ser, 0.86. 
Second step: 80%; His, 1.04; Ileu, 0.87; Val, 4.00; Ala, 1.74; 
CySO3H, 0.78; Glu, 0.97; Gly, 1.00; Asp, 2.08; 

Pro, 1.08; Tyr, 0.68; Phe, 1.12; Ser, 1.02. 

The structure of this peptide has been deduced from the se- 
quences determined on the smaller peptides formed from it by 
chymotryptic hydrolysis. Hydrazinolysis proves valine to be 
carboxyl-terminal, as is already known from the data of Anfinsen 
et al. (22), whereas the Edman procedure proves the first two 
residues at the amiho-end to be histidine and isoleucine. The 
isoleucine values were determined in a 48-hour hydrolysate. 
The loss of proline in the second step indicates that the same 
type of cleavage occurs at the Asp-N H2. Pro bond that is observed 
with (O-Tryp 16)Chy 4 and discussed below. 


(O-Tryp 16)Chy 4—His. Ileu. Ileu. Val. Ala.CySO3H .- 
Glu.Gly. Asp-NH:2.Pro.Tyr (105-1165) 


Leucine Aminopeptidase—Peptide concentration, 0.40 mm; 
enzyme concentration, 0.015 mg N per ml. Amino acids re- 
leased: 90 minutes; His, 0.20; [leu, 0.39; Val, 0.20; Ala, 0.20; 
CySO3H, 0.08; Glu, 0.03; Asp-NH:, < 0.01. 20 hours; His, not 
determined; Ileu, 1.90; Val, 1.02; Ala, 0.96; CySO3H, 0.96; Glu, 
0.97; Gly, 0.95; Asp-NHb2, 0.58; Pro, 0.47; Tyr, 0.09. With a 
new sample of enzyme, 90 minutes; His, 0.55; Ileu, 1.06; Val, 
0.55; Ala, 0.53; CySO3H, 0.23; Glu, 0.09; Gly, 0.06; Asp-NH2, 
0.02. 

Carboxypeptidase—Peptide concentration, 0.50 mM; enzyme 
concentration, 0.025 mg N per ml. Amino acids released: 120 
minutes; Tyr, 0.73. 26 hours; Tyr, 0.94; Gly, 0.09; CySO;H, 
0.06; Val, 0.12; Ileu, 0.13. 

Edman Degradation— 

First step: 92%; His, 0.13; Ileu, 1.65; Val, 0.94; Ala, 0.99; 
CySO3H, 1.01; Glu, 1.00; Gly, 1.00; Asp, 1.00; 
Pro, 0.97; Tyr, 0.86. 

Second step: 80%; His, not determined; Ileu, 0.84; Val, 0.80; 

Ala, 0.79; CySO3;H, 1.00; Glu, 1.00; Gly, 1.00; 

Asp, 0.94; Pro, 0.13; Tyr, 0.93. The major pheny]l- 

thiohydantoins identified by paper chromatography 

were those of proline and isoleucine. 

95%; His, not determined; Ileu, 0.09; Val, 0.93; 

Ala, 0.77; CySO3;H, 0.74; Glu, 0.91; Gly, 1.00; 

Asp, 0.76; Pro, <0.01; Tyr, 0.09. 

Fourth step: 53%; His, not determined; leu, <0.01; Val, 0.17; 
Ala, 0.96; CySOs:H, 0.91; Glu, 0.99; Gly, 1.00; Asp, 
0.77; Pro, <0.01; Tyr, <0.01. 


Third step: 


Fifth step: 71%; His, not determined; Ileu, 0.03; Val, 0.03; 
Ala, 0.19; CySO3H, 0.93; Glu, 1.16; Gly, 1.00; 
Asp, 0.52, Pro, <0.01; Tyr, <0.01. 

Sixth step: 91%; His, not determined; Ileu, 0.02; Val, 0.02; 


Ala, 0.07; CySO3H, 0.38; Glu, 0.79; Gly, 1.00; 
Asp, 0.15; Pro, <0.01; Tyr, <0.01. 
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This is the longest peptide the sequence of which was deter- 
mined. Attempts to degrade it further with pepsin were only 
partly successful. Not enough material could be isolated to 
permit further structural work, but the amino acid analyses of 
the three peptides formed showed that the amino acid residues 
in the original peptide were grouped as follows: (His, Ileu, 
Val), (Ala, CySO3;H, Glu), and (Gly, Asp, Pro, Tyr). Carboxy- 
peptidase showed that tyrosine was carboxyl-terminal, and only 
after prolonged hydrolysis were small quantities of a number of 
other amino acids liberated, most of which could not have come 
from the carboxyl-end, and hence probably were cleaved out by 
nonspecifichydrolysis. The failure of carboxypeptidase to liberate 
substantial amounts of asparagine or glycine indicated that 
proline, an amino acid that would block further action by carbox. 
ypeptidase, was probably the next to the last residue. This fact 
was confirmed by the Edman degradation discussed below. The 
experiments with leucine aminopeptidase showed that the single 
amide, the presence of which was indicated by complete amino 
acid analysis ((6), Table I), was on the aspartic acid residue. 
The results also proved that cysteic acid, glutamic acid, glycine, 
asparagine, proline, and tyrosine were the residues at the car- 
boxyl-end, and demonstrate the sequence CySO;H.Glu. Gly. 
The results with leucine aminopeptidase strongly suggest that 
the order of the next two residues is Asp-NHz2. Pro, but do not 
prove it, in view of the possible occurrence of the side reaction 
involving proline and an adjacent amino acid, which was pre- 
viously discussed in connection with peptides (O-Tryp 9)Chy 5 
and O-Tryp 14. Thisinformation, together with the composition 
of the peptides formed by the action of pepsin, would lead to a 
carboxyl-end sequence of Ala.CySO3;H.Glu.Gly.Asp-NH). 
Pro. Tyr. 

The Edman degradation was complicated by secondary hy- 
drolysis at the carboxyl-end of the peptide. In the first step, 
the Asp-NH:. Pro bond was cleaved almost completely, as shown 
by the finding of two major phenylthiohydantoins from proline 
and isoleucine at the next step, and the complete disappearance 
of proline in the residual peptide after step two and tyrosine 
after step three. The sequence of the first six residues at the 
amino end was established unambiguously, although after the 
second step there was also a slow progressive loss of the aspara- 
gine residue that had become carboxy]-terminal. 


(O-Tryp 16)Chy 5—Val. Pro. Val. His. Phe (116-120) 


Leucine Aminopeptidase—Peptide concentration, 0.60 mw; 
enzyme concentration, 0.014 mg N per ml. Amino acids re- 
leased: 26 hours; Val, 0.18; Pro, 0.04; His, 0.14; Phe, 0.16. 

Edman Degradation— 

First step: 76%; Val, 0.98; Pro, 1.10; His, 0.92; Phe, 0.97. 

Second step: 73%; Val, 1.05; Pro, <0.01; His, 1.05; Phe, 0.90. 

Third step: 69%; Val, <0.01; Pro, <0.01; His, 1.05; Phe, 
0.95. 

Fourth step: 47%; Val <0.01; Pro, <0.01; His, 0.23; Phe, 1.00. 

The Edman degradation alone establishes the sequence un- 
ambiguously. As was noted previously, proline and an adja- 
cent residue are both obtained in poor yield after hydrolysis 
with leucine aminopeptidase. 


(O-Tryp 16)Chy 1—Asp. Ala. Ser. Val (121-124) 


Leucine Aminopeptidase—Peptide concentration, 0.58 mM; en- 
zyme concentration, 0.021 mg N per ml. Amino acids released: 
120 minutes; Asp, 0.81; Ala, 0.78; Ser, 0.86; Val, 0.80; 4 peptidus. 
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Edman Degradation— 
First step: 38%; Asp, 0.12; Ala, 1.00; Ser, 0.98; Val, 1.00. 
Second step: 45%; Asp, 0.08; Ala, 0.25; Ser, 1.02; Val, 0.98. 

The structure of this peptide, which forms the carboxyl-ter- 
minal portion of ribonuclease, has been established previously 
by Anfinsen e¢ al. (22). The present data confirm the earlier 
structure. The results with leucine aminopeptidase show that 
aspartic acid, not asparagine, is present. The presence of car- 
boxyl-terminal valine in O-Tryp 16 has already been demon- 


strated. 


End-group Determinations on Peptides of Chymotrypsin Series 


From the partial structural formula already given (3), and the 
sequence for oxidized ribonuclease shown in Fig. 1, it is possible 
to predict the amino acid residue occupying the amino-terminal 
position in the various peptides of the chymotrypsin series al- 
ready isolated. By the use of the Edman procedure, it has been 
possible to verify the prediction in every case. The results are 
given below. The amino acid composition of the peptides has 
already been published ((3), Table I). It will be noted that 
low values for lysine are invariably obtained, doubtless because 
of a side reaction with the e-amino group. 


O0-Chy 25—Lys.Glu.Thr. Ala. Ala. Ala. Lys. Phe (1-8) 


First step: 70%; Lys, 0.88; Glu, 0.97; Thr, 0.92; Ala, 3.08; 
Phe, 0.96. 

Second step: 87%; Lys, 0.80; Glu, 0.25; Thr, 0.90; Ala, 3.28; 
Phe, 0.72. 


0-Chy 22—Glu. Arg.Ser.Thr.Ser.Ser. 
Glu. Ala. Ala. Ser. Ser. Ser. Asp-NH2.Tyr (9-25) 


First step: 76%; Glu, 1.32; Arg, 1.04; Ser, 5.35; Thr, 0.92; 
Asp, 2.04; His, 0.87; MeSOz, 1.20; Ala, 1.87; Tyr, 
0.69. 


0-Chy 27—CyS0O3H . Asp-N Glu-N Hz. MeSO,. 
Lys.Ser. Arg. Asp-N Hz. Leu (26-365) 


76%; CySO;3H, 0.20; Asp, 1.95; Glu, 1.06; 
2.00; Lys, 0.53; Ser, 0.86; Arg, 1.02; Leu, 0.96. 


First step: 


O-Chy 31—Thr. Lys. Asp. Arg.CySO3H . Lys .- 
Pro. Val. Asp-NH2. Thr. Phe. (36-46) 
65%; Thr, 0.97; Lys, 1.47; Asp, 1.85; Arg, 0.98; 
CySO3H, 0.96; Pro, 1.08; Val, 1.03; Phe, 1.09. 


First step: 


0-Chy 16—Val.His.Glu.Ser. Leu. Ala. Asp. Val. Glu-N H:2.- 
Ala. Val.CySO3H . Ser. Glu-N Lys. Asp-N (47-62) 


First step: 73%; Val, 1.83; His, 1.15; Glu, 2.98; Ser, 1.96; Leu, 
1.15; Ala, 1.94; Asp, 1.85; CySO3H, 0.88; Lys, 
0.53. 


OChy 14—Ser.Ileu. Thr. Asp.CySO3H . Arg. Glu. Ser.Thr.Gly.- 
Ser. Lys. Tyr. Pro. Asp-NH,. Ala.CySO3H . Tyr (80-97) 


First step: 77%; Ser, 1.79; Ileu, 0.91; Thr, 1.89; Asp, 2.02; 
CySO3H, 2.05; Arg, 1.06; Glu, 1.02; Gly, 1.03; Lys, 
0.85; Tyr, 1.75; Pro, 1.15; Ala, 1.02. 


O-Chy 19—Lys.Thr.Thr. Asp-NH2. Ala.Glu.NH:2 (98-103) 
First step: 


74%; Lys, 0.16; Thr, 1.65; Asp, 1.00; Ala, 1.00; 
Glu, 1.01. 
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Second step: 52%; Lys, 0.20; Thr, 0.93; Asp, 0.76; Ala, 0.95; 
Glu, 1.05. 
The loss of 0.3 residue of threonine at the first step indicates 
that this substance may have been contaminated with the iso- 
meric peptide, O-Tryp 8. 


O-Chy 29—Lys. His. Ileu. Ileu. Val. Ala.CySO3H .- 
Glu. Gly. Asp-NH2. Pro. Tyr (104-115) 


83%; Lys, 0.07; His, 0.79; Ileu, 1.29; Val, 0.97; 
Ala, 104; CySO3H, 0.95; Glu, 1.07; Gly, 1.00; Asp, 
1.05; Pro, 0.93; Tyr, 0.66. 

Isoleucine is low because hydrolysis was only carried out for 
22 hours. 


First step: 


O-Chy 30—Val. Pro. Val. His. Phe. (116-120) 
First step: 84%; Val, 0.99; Pro, 1.04; His, 0.95; Phe, 1.01. 


DISCUSSION 


On Conclusiveness of Results—The structural formula for oxi- 
dized ribonuclease A illustrated in Fig. 1 has been derived from 
the results of the sequence studies presented in this report, to- 
gether with information given in earlier communications. The 
formula is also consistent with the data that have been accumu- 
lated in the course of determining the locations of the disulfide 
bonds in the molecule, as described in the following paper (28). 
Nevertheless, it should be emphasized that, at this stage in the 
development of protein chemistry, a formula such as the one 
shown in Fig. 1 should be regarded as a working hypothesis. 
The nature of the degradative procedures employed imposes 
certain limits on the conclusiveness of the results. 

For example, the possibility of experimental error must be 
considered. The partial structural formula given earlier (3), 
which defines the amino acid residues that are grouped together 
in the chain, has been established with a high degree of certainty. 
Its derivation depended almost exclusively upon amino acid 
analyses of peptides and most of the results were obtained sev- 
eral times on different preparations. The partial structural 
formula is further supported by the amino-end group determina- 
tions (cf. previous section) performed upon peptides of the chy- 
motrypsin series. The full sequence, however, as given in this 
communication, depends upon scores of chemical procedures in 
addition to hundreds of amino acid analyses. It has not been 
feasible to perform all of these operations in duplicate or trip- 
licate, and hence the chances for error have not been reduced to 
the lowest conceivable level. Indeed, there are five corrections 
to be made in the formula which we presented in a preliminary 
report (2). In the previous formula the sequence at positions 23 
and 24 was written as Asp-NH2.Ser instead of the reverse. In- 
versions of sequence were also given at positions 89 and 90, and 
at positions 102 and 103. Two of these inversions were a result 
of errors in the interpretation or transcription of the existing 
experimental data. In the third case (positions 89 and 90), a 
subsequent redetermination of the sequence, prompted by a 
slight discrepancy in earlier numerical data, has given unequiv- 
ocal evidence in favor of the sequence shown in Fig. 1. The 
remaining two differences involve the allocation of amide groups. 
In the previous formula, an amide group was assigned to the 
glutamic acid residue now known to be in position 49, whereas 
the asparagine residue at position 15 formerly was given as an 
aspartic acid residue. It was pointed out in the earlier studies 
(2-4) that uncertainty was attached to the positions of the amide 
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groups so long as the temporary assignments were made solely 
on the basis of the ammonia content of acid hydrolysates of the 
peptides. In the experiments reported in the present communi- 
cation, the existence of a glutamine or asparagine residue in a 
peptide was in all cases established chromatographically after 
enzymatic hydrolysis by leucine aminopeptidase or carboxypep- 
tidase. 

It has sometimes been suggested that proteins do not possess 
unique chemical structures but rather are composed of families 
of related molecular species that differ from one another by minor 
variations in the sequence of amino acid residues, a valine resi- 
due occasionaly replacing one of leucine, or a glutamic acid resi- 
due replacing one of aspartic acid, forexample. Microheterogene- 
ity is the term employed to describe this hypothetical situation 
(29). Sanger (30), by the procedures he used, found no evidence 
for such variation in insulin from a given species. In evaluating 
the correctness and the uniqueness of the formula given in Fig. 
1, the yields obtained in different steps of the degradative pro- 
cedures must be considered. After tryptic hydrolysis, most of 
the peptides were secured in yields of nearly 100%, and this fact 
is important evidence in favor of the conclusion that the parent 
chain has a single structure. Even when lower yields were ob- 
tained, experimental losses or incomplete hydrolyses could logi- 
cally be invoked to account for this fact. The detailed sequence 
studies were not characterized by such high yields. It has been 
necessary to base conclusions upon reactions that did not always 
proceed to completion. The results have demonstrated that the 
predominant sequence is the one derived, but the presence of 
minor amounts of peptides in which the amino acid residues are 
in a different order cannot be ruled out. The likelihood that 
ribonuclease does consist of one and only one sequence has been 
strengthened by the fact that in the location of some of the resi- 
dues, each step of the degradative work has proceeded in high 
yield. For example, the lysine residue in position 37 was present 
at the carboxyl-terminal position in a tetrapeptide, O-Tryp 11, 
that was obtained from a tryptic hydrolysate in almost 100% 
yield. The fact that lysine is carboxyl-terminal follows from the 
specificity of trypsin, and was confirmed by the use of both the 
hydrazinolysis and carboxypeptidase procedures. The chance 
of some amino acid other than lysine occupying position 37 in 
the chain is very small. On the other hand, it is well to realize 
that the phenylthichydantoin of threonine at position 82 is 
cleaved off in the third step of the Edman degradation of (O- 
Tryp 2)Chy 5 in only a 2% yield, calculated from the starting 
quantity of oxidized ribonuclease. This yield is the cumulative 
result of the following reactions: O-Tryp 2 by tryptic hydrolysis, 
50%; (O-Tryp 2)Chy 5, by chymotryptic hydrolysis, 90%; Ed- 
man degradation, first step, 60%; second step, 44%; third step, 
52%; yielding a mixture of peptides in which 35% of the threo- 
nine had been eliminated as the phenylthiohydantoin. The 
over-all yield of 2% is understandable in view of the losses in- 
herent in most multi-step processes. The evidence that thre- 
onine occupies position 82 is as sound as that obtained in degrada- 
tive work carried out upon many simpler organic molecules; 
nevertheless, the nature of the data presented in the previous 
section should be kept in mind. 

The formula also gains support from the fact that in all of the 
work carried out in this laboratory on the structure of ribonu- 
clease, no evidence that conflicts with any part of the formula 
has been encountered. The data on each peptide (each amino 
acid analysis, and all of the degradative experiments) are in ac- 
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cord with the formulation given. None of the data have been 
omitted. Particularly significant in this regard is the confirma. 
tory information obtained from the study of the overlapping 
peptides yielded by the action of chymotrypsin. It certainly 
seems likely that if microheterogeneity existed in ribonuclease, 
some positive evidence to this effect would have turned up in the 
course of this work. 

The formula in Fig. 1 is also in agreement with nearly all of 
the information that has been reported by Anfinsen and his col- 
leagues. There is one principal point of disagreement, however, 
and that concerns the nature of the amino acid residue at posi- 
tion 11. According to Redfield and Anfinsen (24) and Anfinsen 
et al. (31), glutamic acid occupies this position. Their conclu- 
sion was based upon experiments in which dinitrophenylated or 
carbobenzoxylated oxidized ribonuclease was subjected to the 
action of trypsin. Hydrolysis was considered to occur only at 
the carboxy] groups of the four arginine residues in the protein, 
forming five peptides which were separated and subjected to end 
group analysis by the DNP procedure and amino acid analysis 
by the method of Levy (25). Because of this difference in re- 
sults, the identity of the residue at position 11 has been given 
special attention in our experiments, and there is no doubt that 
under the conditions which we have employed, serine, not glu- 
tamic acid, is the amino-terminal residue in O-Tryp 4 (residues 
11 to 31). Both the DNP method and the Edman degradation 
showed serine to be amino-terminal in O-Tryp 4 and in (O-Tryp 
4)Chy 1 (residues 11 to 18); both the Edman degradation and 
leucine aminopeptidase showed glutamic acid to remain after as 
many as six residues had been removed from the amino-end of 
(O-Tryp 4)Chy 1; and finally, cleavage of the peptide with pa- 
pain permitted glutamic acid to be grouped with histidine and 
methionine sulfone, both of which are near the carboxyl end. 

The possibility that there is some feature of the ribonuclease 
molecule that facilitates a molecular rearrangement which leads 
to different results under different experimental conditions can- 
not be completely excluded. One of the assumptions underlying 
the present studies has been that the amino acid residues in ribo- 
nuclease are joined by simple peptide bonds. All of our data 
are in agreement with this hypothesis, but in research on protein 
structure, unexpected types of linkages may be encountered, and 
it is possible that there could be labile bonds in the ribonuclease 
molecule that have not been detected by the methods used in 
the present investigation. Therefore, the formula for the peptide 
chain given in Fig. 1 should not be taken to exclude the possible 
existence of labile linkages, but rather should be considered as a 
basis and a guide for further research which might uncover such 
linkages should they be associated with the catalytically active 
portions of the molecule. 

Although the sequence of the amino acid residues in ribonu- 
clease appears to be unique, there is no obvious regularity in the 
arrangement. A few pairs of amino acid residues occur in the 
same order two or three times. The tripeptide sequence Val.- 
Ala.Cys occurs twice. But it is difficult to attach significance 
to these occurrences. There is a section of the chain from the 
31st to the 41st residue which contains a high concentration of 
basic amino acid residues (5 out of 11) and is a cationic site to 
which anions could be bound. There are also two areas in the 
molecule, from the 11th to the 25th, and from the 75th to the 
90th residue in which there is a very high concentration of resi- 
dues bearing hydroxyl groups. By contrast, the carboxy]l-ter- 
minal portion of the molecule, from residue 106 to 124, contains 
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a high concentration of nonpolar residues. The significance of 
this clustering of similar residues is not apparent at present, but 
may be clearer if and when it becomes possible to assign a three- 
dimensional structure to the ribonuclease molecule. 

Optical Configuration of Amino Acid Residues—The results of 
the present investigations strongly support but do not rigorously 
prove the validity of the assumption that ribonuclease is built 
only from L-amino acids. Proteolytic enzymes which are stereo- 
specific have been used extensively, and in no case has failure to 
hydrolyze a normally susceptible peptide bond been noted. 
Nevertheless, 100% hydrolysis of all of the peptide bonds in 
oxidized ribonuclease by one or a combination of proteolytic 
enzymes has not been attempted. Thus, the presence of small 
quantities of D-amino acid residues at some loci in the molecule, 
though unlikely, cannot be excluded. 

Specificity of Trypsin, Chymotrypsin, and Pepsin—The nature 
of the peptide bonds in oxidized ribonuclease that are cleaved by 
trypsin, chymotrypsin, and pepsin is shown in Fig. 1. Many of 
these cleavages conform to the known specificity requirements of 
these enzymes, but some do not. When cleavages not hereto- 
fore attributed to an enzyme occur, it is difficult to know whether 
a proteolytic impurity is implicated. The difficulties occasioned 
by chymotryptic-like impurities in some samples of commercial 
trypsin have already been noted (6) (cf. also (24)). Prepara- 
tions relatively free from these impurities hydrolyzed oxidized 
ribonuclease at peptide bonds involving the carboxyl groups of 
lysine and arginine residues, as was to be expected from the 
classic specificity studies of Bergmann, Fruton, and Hoffmann. 
Two lysyl bonds were not cleaved, one involving the amino ter- 
minal lysine residue, and the other the lysine residue at position 
41 which is linked to proline. Neither of these failures is sur- 
prising. Apparently trypsin hydrolyzes an amino-terminal lysyl 
bond with difficulty, particularly when glutamic acid is the ad- 
jacent residue, and the resistance of lysyl-prolyl bonds has al- 
ready been noted in the work on the structure of corticotropin 
(32). 

As was to be anticipated from the known specificity of chymo- 
trypsin, cleavage of oxidized ribonuclease occurred at the peptide 
bonds involving the carboxyl groups of the tyrosine, phenylal- 
anine, and leucine residues. The sole exception was the tyrosyl- 
prolyl bond linking residues 92 and 93, a linkage which was also 
shown in the studies on corticotropin to be resistant to chymo- 
tryptic hydrolysis. Cleavage at methionine sulfone residues was 
variable. Extensive cleavage occurred at residue 79, and a 
small quantity at residue 30, but none at residues 17 and 29. 
Possibly peptides of methionine sulfone are hydrolyzed less 
readily by chymotrypsin than are those of methionine (33). 

Several unexpected cleavages by chymotrypsin have been en- 
countered, namely, at the asparaginylvalyl bond (62-63), the 
glutamylalanyl bond (18-19), the glutaminyllysyl bond (103- 
104), and the histidylisoleucyl bond (105-106). Why these 
particular bonds are hydrolyzed whereas other asparaginyl, 
glutaminyl, glutamyl, or histidyl bonds are not, is not at all 
clear from the structures involved. Possibly a larger sequence 
of residues may determine whether or not hydrolysis will occur. 
It may be significant that these points of cleavage occur along 
segments of the chain relatively devoid of sites that are the most 
readily attacked by chymotrypsin. The action of chymotrypsin 
that leads to the splitting out of the terminal histidine residue in 
0-Tryp 16 is also noteworthy. 

Whether these unexpected cleavages are really attributable to 
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chymotrypsin, which would indicate that the enzyme has a 
broader specificity than suspected heretofore, or whether a pro- 
teolytic impurity or a nonenzymatic cleavage is responsible, 
cannot be decided at this time. 

The specificity of pepsin is already known to be so broad that 
although hydrolysis of some of the bonds noted in Fig. 1 has not 
been reported before, none of the bonds that are attacked differ 
widely in structure from those that are known to be hydrolyzed 
by pepsin. 

Action of Leucine Aminopeptidase—As was noted earlier, this 
enzyme has been extremely useful in establishing the presence of 
glutamine and asparagine, and occasionally in deriving amino 
acid sequences. Two difficulties should be noted, however. 
Sometimes the peptides formed as intermediates during the step- 
wise removal of amino acids have chromatographic properties 
similar to those of a free amino acid, and thus complicate the 
interpretation of the results. This complication is not so likely 
to arise when peptides formed by the action of trypsin are hy- 
drolyzed, since the residual peptides will have a basic amino acid 
at the carboxyl-terminal position, thus making it likely that they 
will move more slowly on ion exchange columns than most of the 
free amino acids liberated by leucine aminopeptidase. The 
second difficulty has been noted in connection with the hydrolysis 
of peptides that contain proline. The yield of free proline, and 
also of a neighboring residue, have been low after hydrolysis of 
each of the four proline-containing peptides studied in the pres- 
ent work. It has been suggested by Hill and Smith (26) that 
cyclic products may be formed, in view of the well known ease 
with which proline peptides form diketopiperazines. 

Action of Carboxypeptidase—The commercial preparations of 
carboxypeptidase used in the present experiments undoubtedly 
consisted of mixtures of carboxypeptidase A and carboxypepti- 
dase B since carboxyl-terminal lysine and arginine residues were 
readily removed from some of the peptides. Serine and thre- 
onine residues not at the carboxyl terminal position were released 
from peptides (O-Tryp 4)Chy 1 and O-Chy 21. This behavior, 
if it represents the action of the enzyme and not a contaminant, 
requires a modification of the currently accepted views concern- 
ing the purely exopeptidase activity of carboxypeptidase. The 
apparent point of attack, a sequence of four hydroxyamino acids, 
has no parallel in any of the experiments with synthetic sub- 
strates reported thus far. 

Edman Degradation—This procedure has been the one used 
most extensively, and without it the sequence studies could not 
have been completed. With some peptides (e.g. Val. Pro. Val.- 
His. Phe (residues 116 to 120)) the degradation works almost 
ideally. With many peptides, however, there are difficulties. 
The first of these concerns the cyclization step. This reaction 
might be followed spectrophotometrically (11), were it not for 
the fact that the small quantities of sulfur and of diphenylurea 
that are formed are never removed quantitatively in the extrac- 
tions between successive applications of the degradation, and 
hence spectrophotometry becomes increasingly difficult. Amino 
acid analysis of the residual peptide has been used in the present 
work as a measure of the extent of the cyclization, but the time 
required for amino acid analyses is a disadvantage. It would be 
much more convenient to have a direct method for following the 
cyclization reaction as it occurs, particularly when it proceeds 
unusually slowly, as it does when threonine or serine occupy 

amino-terminal positions. Under these circumstances it becomes 
necessary to balance the extent of cyclization against the amount 
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of undesired hydrolysis of peptide bonds that may occur, for if 
hydrolytic cleavage takes place, new amino-terminal residues are 
generated, and the interpretation of subsequent steps becomes 
difficult. On the other hand, when cyclization is incomplete, 
other complications arise. The reaction mixture then consists 
of phenylthiocarbamylpeptide, and the desired phenylthiohy- 
dantoin and degraded peptide. Upon extraction with ether, the 
phenylthiohydantoins are removed (except the ones derived from 
cysteic acid, histidine, or arginine which remain in the aqueous 
phase), along with quantities of the phenylthiocarbamylpeptide 
that depend upon its content of hydrophobic residues. The ex- 
traction by ether of uncyclized products is probably one of the 
principal causes of low recoveries in a given step of the degrada- 
tion. 

Acid hydrolysis (before amino acid analysis) of the residual 
mixture of degraded peptide and phenylthiocarbamylpeptide may 
lead to several results. The degraded peptide will, of course, be 
hydrolyzed. The phenylthiocarbamylpeptide may be hydro- 
lyzed to yield the amino acids of the original peptide, or may 
cyclize to form the phenylthiohydantoin of the amino terminal 
residue, and the free amino acids of the residual peptide. The 
phenylthiohydantoin may also hydrolyze to liberate the free 
amino acid, although the extent of this reaction at 110° is slight in 
most cases. Whenever the cyclization fails to proceed smoothly, 
the yield of terminal group in subsequent steps is correspondingly 
reduced, and when the yield resulting from the degradation falls 
to a level approaching that at which new amino groups are 
formed by nonspecific acid hydrolysis of peptide bonds, the in- 
terpretation of the results becomes questionable. (Glacial acetic 
acid is preferable to water-containing solvents for the minimiza- 
tion of hydrolytic side reactions during the cyclization.) It is 
in the elucidation of the course of such reactions that the data 
from the quantitative amino acid analyses become most helpful. 

Another problem that has been noted is the occurrence of un- 
wanted side reactions involving certain amino acid residues, 
particularly those containing reactive functional groups in their 
side chains. Thus, during the course of successive steps of the 
Edman degradation, progressive losses of tyrosine, lysine, his- 
tidine, and asparagine residues not occupying amino-terminal 
positions have been observed. 

General Conclusions—In performing an extensive series of ex- 
periments of the type described in this and the foregoing com- 
munication, inevitably much is learned that would make a repe- 
tition of the task easier and would improve the results. Since 
the determination of the sequence of the amino acid residues in 
proteins will doubtless continue to be of interest, it may be worth- 
while to describe briefly modifications in approach that would be 
adopted were we to begin once again the task of elucidating the 
chemical structure of a protein. 

The first modification we would adopt is performance of the 
separations of peptides on a larger scale than the one described 
in the previous paper (6). The columns 2 cm in diameter that 
were used are convenient to operate, but columns twice this 
diameter save a great deal of time and labor once they have been 
prepared. Many of the time-consuming and repetitive chro- 
matographic isolation procedures needed for this work could have 
been avoided had a larger scale of separation been employed at 
the outset. The exploratory analytical chromatograms would 
continue to be performed with columns 0.9 cm in diameter. 

The experience gained in the present investigation has em- 
phasized the desirability of using highly purified proteolytic en- 
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zymes to effect the primary cleavage of the molecule. In the 
future it would be wise, in our view, to employ chromatographi- 
cally purified chymotrypsin (34) and trypsin made from chro- 
matographically purified trypsinogen (35, 36). 

The use of enzymes other than those employed in the present 
work might prove advantageous. For example, purified car- 
boxypeptidase B (37) (protaminase (38)), should be very helpful 
in determining the sequence of residues in peptides formed by 
tryptic action. As has also been noted before, enzymes pos- 
sessing specificities as sharp as but different from those of trypsin 
and chymotrypsin would be extremely valuable. Possibly en- 
zymes of the requisite specificity could be found in suitably 
adapted microorganisms. 

Finally, if a way could be found to insure that the cyclization 
step in the Edman degradation is carried more nearly to comple- 
tion, the results would be easier to interpret, and the procedure 
could be applied effectively for more than the four to seven cycles 
which now appear to be feasible. 

In conclusion, it may be well to note again the role that quanti- 
tative amino acid analysis has played in the structural work on 
ribonuclease. When working with molecules as large and as 
complex as proteins, progress is expedited-and error avoided by 
the availability of dependable quantitative data. 


SUMMARY 


The complete sequence of 124 amino acid residues in oxidized 
bovine pancreatic ribonuclease has been determined through 
structural study of the peptides liberated by enzymatic cleavage. 
The principal procedure used for the sequence determination has 
been stepwise degradation with phenyl isothiocyanate as de- 
scribed by Edman. End-group studies were also effected with 
the dinitrophenyl method of Sanger, and the hydrazinolysis 
procedure of Akabori. Carboxypeptidase and leucine amino- 
peptidase have also been used, both to assist in the elucidation 
of some sequences and to locate the positions of asparagine and 
glutamine residues. Each step of the degradative work has 
been monitored by quantitative amino acid analyses which have 
facilitated the evaluation of the conclusiveness of the results and 
the effectiveness and limitations of the experimental methods. 
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In order to ascertain which half-cystine residues were joined 
in insulin, Ryle, Sanger, Smith and Kitai (3) employed a five- 
step procedure which they summarized as follows: (a) Partial 
hydrolysis of the protein under conditions where the disulfide 
bonds remain intact. (6) Separation of the cystine-containing 
peptides from one another. (c) Oxidation of each of the cys- 
tine peptides to peptides of cysteic acid. (d) Fractionation of 
the cysteic acid peptides. (e) Identification of the cysteic acid 
peptides by means of their amino acid composition. 

After the partial structural formula of ribonuclease had been 
derived (4) and the existence of four disulfide bonds in the mole- 
cule had been postulated, it was apparent that the procedure of 
Ryle et al. should be applicable to this protein as well. Ac- 
cordingly, while the sequence studies reported in the previous 
paper (5) were being pursued, attempts to determine the posi- 
tions of the disulfide bonds were initiated by us and by Anfinsen 
and his colleagues. Enzymatic degradation of intact ribonu- 
clease was employed in both studies. 

Ryle and Anfinsen (6) used the bacterial proteinase subtilisin 
and obtained evidence which led them to conclude that linkages 
occurred between half-cystine Residues I and VI, II and VIII, 
III and VII, and IV and V (numbered from the amino end of 
the ribonuclease chain, cf. Fig. 1 of the preceding paper (5)). 
Ryle and Anfinsen recognized that the low yields obtained and 
the possible occurrence of the disulfide interchange reaction of 
Ryle and Sanger (7) might render their results inconclusive. 

In the early experiments from this laboratory, a preliminary 
report of which has appeared (1), the combined action of tryp- 
sin and chymotrypsin was used to degrade intact ribonuclease. 
The peptides were separated by ion exchange chromatography. 
It was thought that the amino acid composition of each cysteic 
acid peptide obtained in the last step of the procedure of Ryle 
et al. would be predictable from the results already secured by 
the action of these enzymes on the oxidized protein. . Native 
ribonuclease A was not attacked by trypsin or chymotrypsin in 
aqueous solution, and, therefore, hydrolysis was conducted in 2 
M guanidinium chloride. N-Ethylmaleimide was present in or- 
der to minimize disulfide interchange, as suggested by the work 
of Ryle and Sanger. From the hydrolysate, however, it was 
only possible to isolate cystine peptides involving two of the ex- 
pected four disulfide bonds. Good evidence was secured for a 
linkage between half-cystine Residues I and VI and IV and V, 
but peptides containing half-cystine Residues II, III, VII, or 


* Preliminary reports of parts of this work have already ap- 
peared (1, 2). 

t+ Present address, Spinco Division, Beckman Instruments, 
Palo Alto, California. 


VIII, could not be isolated. It seemed likely, in view of the re- 
sults of Ryle and Sanger, that this failure could be attributed to 
the greater lability of two of the disulfide bonds, a lability that 
might be enhanced by the presence of guanidinium ions. In 
their pioneering studies, Ryle and Sanger pointed out that the 
first step in the disulfide interchange reaction at neutral pH is 
probably the well known hydrolytic fission of the disulfide. 


R'SSR? + OH- = R'S- + R*SOH 


Subsequent disulfide interchange would be catalyzed by the 
RS-, and thus inhibition of the interchange could be brought 
about by thiol-binding reagents such as N-ethylmaleimide or 
p-chloromercuribenzoate. The presence of such reagents, how- 
ever, could cause the reaction to be driven towards the right 
because of the continuous withdrawal of one of the products, 
and, therefore, thiol-binding reagents, although inhibiting mixed 
disulfide formation, would increase the rate of the disappearance 
of the original disulfide. In order to test further the effective- 
ness of means of preserving disulfide bonds intact, we set up ex- 
periments with cystine plus oxidized glutathione, and measured 
the amounts of each compound surviving at a given time and 
the amount of the mixed disulfide (half-cystine-half-glutathione) 
formed. As a result of these studies, experimental conditions 
were established which have made it possible to isolate in rea- 
sonably good yields peptides containing each of the four disul- 
fide bonds in ribonuclease; hydrolysis by pepsin at pH 2 was 
found to be a particularly valuable step. From the amino acid 
compositions of the cysteic acid peptides, considered in conjunc- 
tion with the complete sequence determined by Hirs et al. (5), 
it has been possible to determine clearly which of the eight half- 
cystine residues are joined to one another in the parent mole- 
cule. 
EXPERIMENTAL 


Materials—The crystalline ribonuclease was obtained from 
Armour (Lot 381059). Ribonuclease A was prepared from it 
by chromatography on IRC-50 (8). The effluent fractions con- 
taining the ribonuclease A were freed of phosphate buffer by 
dialysis at 4° and lyophilized. The trypsin, chymotrypsin (CD 
425), and pepsin (twice crystallized PM 629) were all obtained 
from the Worthington Biochemical Corporation. The NEM! 
was purchased from Mann Research Laboratories, Inc. 

Purified guanidinium chloride was prepared from recrystal- 
lized guanidinium carbonate (Eastman Organic Chemicals or 
Amend Drug and Chemical Company). For recrystallization, 


1 The abbreviations used are: NEM, N-ethylmaleimide; EDTA, 
ethylenediaminetetraacetic acid. 
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145 g of the carbonate were dissolved in 250 ml of hot water. 
The hot solution was treated with Norit A and filtered through 
a mat of Celite. To the hot filtrate, ethanol (about 100 ml) 
was added until faint turbidity, and the solution was cooled 
rapidly to avoid large crystals; yield 97 g. A second precipita- 
tion with more ethanol yielded an additional 30.3 g for a total of 
127.3 g, or 88% of theory. This carbonate was converted to 
the chloride by the dropwise addition of concentrated HCl until 
almost the theoretical quantity had been added. The still alka- 
line solution was placed in a vacuum desiccator for half an hour 
to remove any ammonia present. The remainder of the con- 
centrated HCl was then added cautiously to bring the solution 
to about pH 2. The solution was concentrated to dryness on a 
rotary evaporator and the last of the water and HCl were re- 
moved by keeping the product over NaOH in a vacuum desic- 
cator for 24 hours; yield 127.8 g. 

Hydrolysis of Ribonuclease by Trypsin and Chymotrypsin in 
Guanidinium Chloride—Hydrolysis of ribonuclease in guanidin- 
ium chloride was followed by the ninhydrin method? At the 
beginning of the reaction, the mixture (1.2 ml, total volume) 
contained 12 mg of ribonuclease (Armour), 0.24 mg of trypsin, 
0.6 ml of 0.2 N sodium phosphate buffer at pH 7.0, and was 2 
Min guanidinium chloride. It was found necessary to have 0.4 
ml of N NaOH present in 5 ml of 4 m guanidinium chloride so 
that, when diluted with an equal volume of 0.2 m phosphate buffer 
at pH 7, the resulting assay medium would be at pH 7.0 + 0.1. 
Hydrolyses were carried out at 40°, and aliquots of 0.025 ml were 
removed (in triplicate) for the zero time values and at suitable 
time intervals thereafter. The samples were added to photome- 
ter tubes containing 1 ml of 0.01 N HCl to stop enzymatic ac- 
tion immediately. After 24 hours, at which time the pH of the 
tryptic hydrolysate was found to be unchanged from the initial 
value, the hydrolysate was diluted with an equal volume of 0.2 
m sodium phosphate buffer at pH 7.6 (final pH, 7.0 + 0.1). 
Chymotrypsin (0.24 mg in 0.5 ml of phosphate buffer at pH 7.6) 
was added to the 1 m guanidinium chloride solution to make the 
substrate-enzyme ratio the same as had been used for the tryp- 
tic digestion (50:1). After 24 hours, the pH was checked and 
the hydrolysis was terminated by adjusting the mixture to pH 
2 with 6 Nn HCl. 

In an attempt to isolate cystine-containing peptides, an experi- 
ment on a larger scale (190 mg of Armour ribonuclease) was 
carried out exactly as described above except that the hydrolysis 
mixture contained about 2 mg of N-ethylmaleimide. 

Removal of Guanidinium Chloride—The bulk of the guanidin- 
ium chloride was removed by dialysis according to the procedure 
of Craig and King (9). The 50% escape time of the guanidinium 
ion dialyzed against 0.01 N HCl was found to be 23 minutes. 
The enzymatic hydrolysate was dialyzed for 40 minutes each 
time against 3 successive portions of 10 volumes of 0.01 n HCl, 
as a result of which the guanidinium ion concentration was cal- 
culated to be 0.04 m. The time of dialysis was kept as short as 
possible to minimize loss of peptides. The material remaining 
inside the dialysis tubing was concentrated to 8 ml before chro- 
matography. 


?Guanidinium chloride gives a high blank in the ninhydrin 
reaction, the intensity of color being critically dependent on the 
heating time. To obtain reproducible results, the tubes must be 
heated exactly 15 minutes, and, upon removal from the boiling 
water bath, the entire rack of tubes must be plunged into a bath 
of water at room temperature to insure that all of the tubes cool 
uniformly. 
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An alternative and probably preferable method for the re- 
moval of guanidinium ion is similar to the desalting procedure 
of Hirs et al. (10), and makes use of a 10- X 1.8-cm column of 
Dowex 50-X2 equilibrated with 0.2 N ammonium formate buffer 
at pH 3.1. After applying the sample (40 ml of 1 mM guanidinium 
chloride diluted to 0.2 m and adjusted to pH 2) the column is 
eluted with this same buffer to bring off the guanidinium ion 
and then with a 2.0 m NH,OAc buffer at pH 7 to elute the pep- 
tides. The NH,OAc is removed by lyophilization. 

Chromatography of Hydrolysate on Dowex 50-X2—The 8-ml 
sample of the hydrolysate from which the guanidinium ion had 
been removed by dialysis was applied to a 30- x 1.8-cm column 
of Dowex 50-X2 equilibrated with a 0.2 N sodium formate buffer 
at pH 3.0 (13.6 g of sodium formate, analytical reagent, and 13 
ml of concentrated HCl per liter). The column was jacketed 
at 35° and fractions of 8 ml were collected at a rate of 5 fractions 
per hour. After 240 effluent ml, gradient elution was begun by 
allowing 2 N sodium acetate buffer at pH 5.0 (272 g of NaOAc-3 
H.O, analytical reagent, and 66 ml of glacial acetic acid per 
liter) to flow into a mixing chamber containing 500 ml of the 
formate buffer at pH 3.0. After 1 liter of effluent had been col- 
lected, the operating temperature was raised to 50°, and a 2 N 
NaOdAc buffer at pH 5.0 was employed as eluent. Elution was 
stopped after 1.1 liters. Aliquots of 0.2 ml were pipetted from 
the effluent fractions for ninhydrin analyses and separate ali- 
quots of 0.2 ml for ninhydrin analyses after alkaline hydrolysis 
(10). Aliquots of 1.0 ml were also pipetted for determination of 
the cystine-containing peptides, in the manner described in the 
next section. 

Analysis for Cystine-containing Peptides—The procedure em- 
ployed isa modification of the one described by Kassell and Brand 
(11), cf. also Lugg (12). To groups of 50 tubes containing ali- 
quots of 1 ml of the effluent fractions, the following reagents are 
added stepwise; 1.0 ml of the buffer mixture prepared according 
to Kassell and Brand (11); 0.3 ml of NaOH or water (see next 
paragraph); 0.2 ml of the phosphotungstic acid color reagent 
prepared according to Folin (13); and 0.5 ml of buffered sulfite 
to give a total volume of 3 ml. The buffered sulfite is prepared 
from 10.4 g of NaHSOs, 20 ml of 3 mM NaOAc, and 3 ml of 4 nN 
NaOH diluted to 100 ml, and is freshly made every 2 days. The 
3 ml of reaction mixture are allowed to stand for 15 minutes, 5 
ml of water are added, and after 5 to 10 minutes the tubes are 
read in a spectrophotometer at 700 mu. 

The color reaction has been shown to be very sensitive to pH 
and to yield a maximum of color at pH 5.7. Therefore, the con- 
centration of NaOH added above is so chosen that the final re- 
action mixture is at pH 5.6 to 5.8. Since the pH and ionic 
strength of the column eluent are continuously changing, it is 
necessary to determine the concentration of NaOH to use. For 
this purpose aliquots are pipetted from effluent fractions at vari- 
ous intervals, usually at valleys between peaks, and the concen- 
tration of NaOH necessary to bring the final reaction mixture to 
pH 5.7 is determined. In the chromatogram described above, 
1.25 n NaOH was used through Fraction 50, 1.5 n NaOH for 
Fractions 51 through 70, 2.0 N NaOH for Fractions 71 through 
100, 2.5 n NaOH for Fraction 101 until the emergence of the 2 
N NaOAc eluent at pH 5, and water for all the remaining frac- 
tions. 

Desalting and Oxidation of Isolated Peptide Fractions—The 
pooled fractions which analysis showed contained cystine were 
desalted by the general method of Hirs et al. (10). The sample 
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at pH 2.0 to 2.2 was put on an 8- X 1.8-cm column of Dowex 
50-X2 equilibrated with 0.2 m ammonium formate buffer at pH 
3.1 (0.2 w redistilled NH,OH containing 27 ml of 98 to 100% 
formic acid per liter). Elution was continued, fractions of 10 
ml being collected, until the sodium had all appeared in the 
effluent, after which the peptides were eluted with a 2 N ammo- 
nium acetate buffer at pH 7 (2 N redistilled NH,OH containing 
130 ml of glaciai acetic acid per liter). Aliquots (0.2 ml) were 
analyzed by the ninhydrin method after alkaline hydrolysis. 
The fractions containing the peptides were concentrated on a 
rotary evaporator and freed of ammonium acetate by lyophiliza- 
tion. The residue was dissolved in a small amount of water and 
relyophilized to remove the last traces of ammonium salts. 

Oxidation with performic acid at 0° was carried out according 
to Hirs (14). 

Rechromatography of Performic Acid-treated Peptides—The oxi- 
dized peptides were dissolved in a small volume of 0.01 n HCl 
and rechromatographed on a 30- X 0.9-cm column of Dowex 
50-X2 under the same conditions used for the chromatography 
of the original enzymatic hydrolysate. Fractions of 1 ml were 
collected and gradient elution was begun at Fraction 60 with a 
100-ml mixing chamber. 
the column was raised from 35° to 50°, and 2 N sodium acetate 
was introduced as eluent. The pooled effluent fractions were 
not desalted; an equal volume of concentrated HCl was added 
(10) and the peptides were hydrolyzed at 110° in evacuated sealed 
tubes and subjected to amino acid analyses by the automatic 
method of Spackman et al. (15). 

Studies on Stability of Disulfides—In order to arrive at more 
favorable conditions for the isolation of cystine peptides from 
enzymatic hydrolysates of proteins, the stability of disulfides 
was examined by measuring chromatographically the amount of 
each disulfide remaining after oxidized glutathione and cystine 
had been incubated together under various conditions. 

Since a commercial sample of GSSG was found chromato- 
graphically (on a 150-cm column) to have several components, 
homogeneous GSSG was made from glutathione (Schwartz Lab- 
oratories or Worthington Biochemical Corporation) by bubbling 
filtered air for 24 hours through a solution of 9.22 mg of the re- 
duced compound in 3 ml of 0.2 N sodium phosphate buffer at 
pH 7. The solution was diluted to a volume of 10 ml and kept 
frozen. The content of GSSG remained unchanged for several 
days, if the solution was thawed only long enough to remove 
aliquots. The cystine stock solution was made by dissolving 
7.2 mg of the amino acid (Merck, reagent grade), in 4 ml of 0.1 
n HCl, and diluting with 16 ml of water. This solution was 
also kept frozen and was used over a period of a week. 

A solution containing GSSG, cystine, and the mixed disulfide 
of glutathione and cystine was prepared by bubbling filtered air 
for 16 hours through 5 ml of a solution at pH 7, 2 mm in GSH, 
3 mM in cysteine, and 0.2 N in sodium phosphate. 

After preliminary experiments on 150- and 50-cm. columns 
it was possible to devise a chromatographic separation of GSSG, 
cystine, and the mixed disulfide that utilized the 15-em column 
of the amino acid analyzer (15) and required only 1.5 hours. The 
eluent was the 0.2 N sodium citrate buffer at pH 3.25 normally 
used at the beginning of an analysis on the 150-cm column. The 
constants used for the integrations of the peaks ((15), Table I) 
were 22.3 for half-GSSG, 24.1 for “half” of the mixed disulfide, 
and 14.4 for half-cystine. 

To study the effect of variables upon the stability of the di- 
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sulfides, samples of 0.5 ml of the GSSG and cystine stock soly- 
tions and 0.5 ml of a 0.2 n buffer (either phosphate or citrate as 
used in the enzymatic hydrolyses of ribonuclease) were mixed. 
For tests with guanidinium ion, 0.5 ml of 6 m guanidinium chlo- 
ride was substituted for the buffer, and a predetermined quantity 
(25 to 50 wl) of NaOH or HCl of the concentration needed to 
bring the pH of the incubation to the desired value was added to 
each solution and the flasks were placed in a 40° water bath for 
the indicated period. Before chromatography, 1.0 ml of 0.1 y 
HCl and 0.5 ml of 0.2 N sodium citrate buffer at pH 2.2 were 
added, and an aliquot of 2 ml was placed on the 15-cm column. 

If the sample contained guanidinium ion, the column had to be 
cleaned with 0.2 n NaOH after every chromatogram. Other- 
wise, two analyses could be run between NaOH treatments. 
Omission of the NaOH treatment resulted in interference by 
guanidinium or ammonium ions remaining on the column from 
the previous chromatogram. ra 

Hydrolysis of Ribonuclease A by Pepsin, Trypsin, and Chymo- 
trypsin—Ribonuclease A (385 mg containing 4.8% moisture and 
1.2% ash) was dissolved in 35 ml of 0.05 N sodium citrate buffer 
at pH 1.9 and 7 mg of pepsin were added. After standing at 
25° for 16 hours, the solution was adjusted to pH 6.5 with a few 
drops of 50% NaOH, and 14 mg of trypsin were added. After 
an additional 8 hours, 3.5 mg of chymotrypsin were added, and 
the solution was allowed to remain at 25° for a further period of 
16 hours, making a total hydrolysis time of 40 hours. To ter- 
minate enzymatic action, the solution was brought to pH 2 with 
a few drops of concentrated HCl. ‘Aliquots (0.025 ml) were 
withdrawn for ninhydrin analysis at, the beginning of the hy- 
drolysis, before the addition of trypsin and chymotrypsin, and 
at the end of the hydrolysis in order to determine the extent of 
enzymatic cleavage. 

The entire hydrolysate was chromatographed on a 150- x 
1.8-cm column of Dowex 50-X2 equilibrated with 0.2 N sodium 
formate buffer at pH 3.1 (13.5 g of sodium formate and 20 ml of 
formic acid (98 to 100%) per liter). Eluents were pumped 
through the column jacketed at 35° with the aid of a Milton Roy 
Minipump (15) at a rate of 60 ml per hour, fractions of 10 ml 
being collected. Gradient elution was begun at 0.8 liter by al- 
lowing a 1 N sodium acetate buffer at pH 5 (136 g of NaOAc- 
3H.O and 33.5 ml of glacial acetic acid per liter) to flow into the 
buffer at pH 3.1 in a mixing chamber with a capacity of 2 liters. 
The rate of change of sodium ion concentration was increased at 
2.4 liters by the introduction of a 2 N sodium acetate buffer. At 
4.5 liters the temperature of operation was raised to 50° and a 2 
N sodium acetate buffer at pH 6.5 was introduced directly onto 
the column (272 g of NaOAc-3H.0 and 1.5 ml of glacial acetic 
acid per liter). Finally, the temperature of operation was low- 
ered to 25° at 6.5 liters and 0.2 n NaOH was employed as eluent. 
The effluent fractions were analyzed for cystine-containing pep- 
tides in the manner described above, and by the ninhydrin 
method after alkaline hydrolysis (10). 

The fractions shown to contain cystine peptides were pooled, 
desalted, and oxidized with performic acid. The products were 
individually rechromatographed in the manner described above, 
with the sequence of eluents shown in Fig. 4. Amino acid 
analyses were also carried out as in the previous experiment. 


RESULTS 


Hydrolysis by Trypsin and Chymotrypsin—After hydrolysis of 
ribonuclease (Armour; 1% solution) by trypsin (substrate-en- 
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2: 
Chromatography of an tic hydrolysate 
Column: 30cm. 
150- § 
6 o— Ninhydrin color 
| ------ Analysis for -S-S- bonds 
1.00- 
$§ 
Bs Effluent m1. 80 160 240 320 400 480 560 640 720 800 880 90 1040 1120 sais 
30,02NNa Formate, Gradually increasing pH and [Na*]—(0.2N,pH3.0— 20N, pl 5.0 Na Acetate), 35° 
£ Rech of material in Zone C 
after oxidation with PRerformic acid 
(CySO,H, Asp(NH,), Column:0.9 x 30cm., Dowex 50-X2 
Glu(NH,), Ninhydrin color 
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Fic. 1. Separation of cystine-containing peptides formed from ribonuclease by the action of trypsin and chymotrypsin in 2 M guani- 
dinium chloride (upper curve), and (lower curve) separation of cysteic acid peptides present after performic acid oxidation of the pep- 


tides present in Zone C of the upper curve. 


zyme ratio 50:1) at 40° for 24 hours in 2 M guanidinium chloride 
at pH 7, a 93% increase in ninhydrin color was obtained. Upon 
dilution to 1 M guanidinium ion and addition of chymotrypsin, 
the total color increase rose to 212% in the next 24 hours. As 
was noted in the introduction to this paper, there is only a slight 
hydrolysis of ribonuclease by either trypsin or chymotrypsin in 
the absence of guanidinium ion, the increase in ninhydrin color 
amounting to only 15 to 20% with the Armour product and being 
virtually nil with chromatographically purified ribonuclease A.* 
Even in the presence of guanidinium ion, hydrolysis of the native 
enzyme proceeds far less readily than with the oxidized protein 
(4,10). In order to achieve a comparable extent of cleavage of 
the unoxidized protein in 24 hours, 4 to 10 times the concentra- 
tion of enzymes is required. 

On the basis of the knowledge of the rate of enzymatic hy- 
drolysis, a larger scale experiment was set up and the enzymatic 
hydrolysate, after being freed of guanidinium ion, was chromato- 
graphed on a 30- X 1.8-cem column of Dowex 50-X2, with the 
results shown in the top curve of Fig. 1. From the plot of the 
analyses for disulfide bonds, there appeared to be four zones in 


which cystine-containing peptides were present, but the first of _ 


these proved to be an artifact and not to contain any cystine. 
The fractions comprising each of the three remaining disulfide- 
positive zones were pooled, desalted, oxidized with performic 
acid, and rechromatographed in the manner shown for Zone C 
in the lower part of Fig. 1. In this manner, any cystine peptides 
would be transformed into two peptides of cysteic acid which, 
because of their acidity, would move more rapidly on the Dowex 
50 column than the original cystine peptides, and also more 
rapidly than the other peptides originally present in the zone as 
impurities. The latter, being devoid of cystine, would be little 
affected by the oxidation procedure and would emerge at their 


3 The first experiments on the hydrolysis of ribonuclease in 
guanidinium chloride were carried out by Dr. M. Uziel, to whom 
we wish to express our appreciation. 


original positions. The fractions containing the faster moving 
peptides were pooled and subjected to amino acid analysis. 

The amino acid compositions of the two cysteic acid-containing 
peptides resulting from the oxidation of Zone C are shown next 
to the appropriate peaks in the lower curve of Fig. 1. From 
the amino acid composition alone, without the necessity for per- 
forming any sequence studies, it was possible to conclude that 
the faster moving peptide must have been derived from half- 
cystine Residue I (Residues 26 to 29, Fig. 1 in the preceding pa- 
per (5)) and the slower moving from half-cystine Residue VI 
(Residues 80 to 85), thus establishing the existence of a disulfide 
bond between them in the native ribonuclease molecule. From 
the amino acid analysis, it was not possible to decide whether or 
not aspartic and glutamic acids had been present in the original 
peptides as the free acids or as the amides. The acid hydroly- 
sates always contained a considerable quantity of adventitious 
ammonia, and, therefore, the amides are shown in parentheses 
whenever their presence is demanded by the sequence data al- 
ready described (5). From the amino acid analysis, assuming a 
10% loss in the oxidation step, an over-all yield of 27% of the 
theory could be calculated for the peptide comprising the I—VI 
disulfide bond. 

Clear cut results were not secured upon amino acid analysis of 
the cysteic acid peptides resulting from the oxidations of Zones 
Band D. A considerable number of peptides were obtained in 
low yield from each of these zones, all of which, judging from 
their amino acid compositions, involved half-cystines IV and V. 
The peptides from half-cystine 1V included Residues 62 to 66 
(Fig. 1 of the preceding paper (5)), and those from half-cystine 
V included Residues 67 to 72 and 67 to 73. There are probably 
several reasons for the large number of peptides encountered. 
In some, the tyrosine residue derived from position 73 was ab- 
sent entirely; in others it had been converted to a chlorotyrosine 
derivative by the oxidative procedure (cf. Thompson (16) and 
Hirs (14)). The hydrolysis of the lysylasparaginy] bond linking 
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Residues 66 and 67 was not complete, leading to an additional 
series of peptides with and without tyrosine and chlorotyrosine. 
Finally, further groups of peptides might result from hydrolysis 
of one or more of the four amide groups present in this part of 
the ribonuclease molecule. On the basis of the amino acid anal- 
yses of all of the peptides, it could be calculated that half-cystine 
Residues 1V and V were accounted for in a yield of about 20%. 

Although the results were not entirely satisfactory, it is im- 
portant to note that peptides involving only half-cystines I and 
VI and IV and V were obtained. This made it seem extremely 
probable that disulfide bonds corresponding to these linkages 
existed in native ribonuclease, and emphasized the failure to ob- 
serve any peptides involving half-cystines II, III, VII, or VIIT. 

Attempts to improve the yields, or to isolate the missing cys- 
tine-containing peptides failed. In the hope of reducing even 
further the possibility of disulfide interchange, NV-ethylmaleimide 
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Fic. 2. Automatically recorded separation of oxidized gluta- 
thione, cvstine, and the mixed disulfide on a 15- XK 0.9-em column 
of Amberlite [R-120. 
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TABLE I 
Effect of pH on stability of mixtures of 
oxidized glutathione and cystine 
Results are expressed in terms of the moles remaining after 30 
hours of incubation at 40° per mole of each starting compound. 
Analyses were performed on a 15-em column of Amberlite IR 120 
at pH 3.25. 


In absence of guanidinium ions _ In presence of 2 M guanidinium chloride 


Oxidized GS-SG Gs-scy CYS: Oxidzed | GS-SG GS-SCy 
compounds (Half) (Half) (Half) compounds (Half) (Half) 


2.0 <0.01 0.99 0.02 1.01) 0.03 | 0.97 | <0.01 0.99 
| | <0.01 1.02 0.02) 1.01 
0.06 0.99 <0.01 0.94 0.05 | 0.92 
5.0 <0.01 0.93 0.08 0.94 0.02 | 0.94 0.06 0.93 
6.0) 0.01 0.97 0.05 0.95) 0.02 0.97 0.04 | 0.98 
6.5 0.02 0.95 0.10 0.95 0.03 0.94 0.08 | 0.94 
7.0 0.02 0.91 0.16 0.87 0.05 | 0.81) 0.23 | 0.82 
7.5 0.02 0.84 0.21 0.838 0.14 | 0.73 0.19 | 0.79 
8.0 0.07 0.73 0.24) 0.82) 0.41 | 0.42 0.13 0.69 


was included in the buffers employed as eluents during chroma- 
tography, as well as in the enzymic digestion mixtures.‘ As a 
result, the vields of the I—VI and IV—V bonds were even lower. 
It was noted, however, that when fractions from regions of the 
chromatogram which were negative to the disulfide test were oxi- 
dized and hydrolyzed, small amounts of cysteic acid were present 
in the hydrolysates. It seemed likely that two of the four disul- 
fide bonds in ribonuclease were particularly labile and that, un- 
der all of the conditions used, decomposition was occurring. — It 
was, therefore, decided to study the conditions that affect the 
stability of disulfide bonds, and for this purpose a simpler sys- 
tem was required. 

Stability of Disulfide Bonds—A model system was employed in 
which oxidized glutathione and cystine were incubated together 
for 30 hours at 40° under a variety of different experimental con- 
ditions. The quantity of each disulfide remaining and _ the 
amount of transformation product formed were measured quan- 
titatively by ion exchange chromatography. The positions of 
the three peaks are shown in Fig. 2. Oxidized products appear 
ahead of GSSG. The resolving power of the chromatogram is 
not great, but the method is capable of furnishing information 
as to the maximal yields of the disulfides in a minimum of time. 

With the use of this test system, the data in Table I were ac- 
cumulated. The results illustrate the effect of pH and of guani- 
dinium chloride upon the stability of GSSG and of cystine. In 
the presence and in the absence of guanidinium ion, both disul- 
fides are quite stable at 40° for 30 hours in the range pH 2 to 
pH 6.5. At and above pH 7.0, in the absence of guanidinium 
ion, there is a slight disappearance of both disulfides, the extent 
of which increases as the pH is raised. Concomitantly, there 
is an increase in the amount of mixed disulfide formed. In the 
presence of guanidinium ion, there is a greater disappearance of 
both disulfides, some appearance of the mixed disulfide, but an 
even greater formation of products (presumably oxidation prod- 


4 It has been observed that oxidation and hydrolysis of fractions 
containing N-ethvlmaleimide always results in the formation of 
ethylamine and aspartic acid. Apparently the latter is formed 
by addition of ammonia, always present in these svstems, across 
the double bond. 
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ucts) that move rapidly on the column and emerge before GSSG. 
Guanidinium chloride seems to enhance the disappearance of 
GSSG more than that of cystine, indicating that whatever the 
nature of the effect, it is dependent to some degree upon the 
structure of the disulfide. From these results, pH 2 is clearly 
indicated as a favorable condition for maintaining disulfide bonds 
intact. 

The data in Table II illustrate the influence of various sub- 
stances upon the stability of GSSG and cystine incubated at pH 
values near neutrality. The first series of experiments illus- 
trates the effect at pH 6.7 of N-ethylmaleimide, Cut++, or Fe+++ 
and of the metal-chelating reagent ethylenediaminetetraacetic 
acid. An important feature of these results is that a thiol-bind- 
ing reagent added to stop disulfide interchange may do so, but 
may at the same time accelerate the disappearance of the parent 
disulfides by other pathways. NEM has this effect, particularly 
on cystine. Cut** increases the losses of cystine and GSSG; 
Fe+++ has little effect. EDTA markedly accelerates the dis- 
appearance of both disulfides, and to an equal extent. 

The resolving power of the short ion exchange columns em- 
ployed in these studies is not sufficient to establish beyond doubt 
the nature and amount of the transformation products formed 
in each of these experiments. Some indication of the mechanism 
of the effect can sometimes be gained, however. Thus, in the 
presence of NEM, two new peaks appear on the chromatogram 
ahead of cystine and behind GSSG which almost certainly can 
be attributed to the N-ethylmaleimide derivatives of cysteine.® 
A 50-cm column was used in these experiments, and hence the 
results can be interpreted with more assurance. In the experi- 
ment with Cut+, the missing quantity of cystine does not appear 
in another compound on the chromatogram. In the presence of 
EDTA, the missing cystine and GSSG can be accounted for al- 
most quantitatively as the mixed disulfide. This finding is not 
unexpected in view of the observation of Ryle and Sanger (7) 
that sulfhydryl groups catalyze disulfide interchange in neutral 
solution; the effect of EDTA would be to chelate metals which 
otherwise might catalyze the oxidation of thiols. 

The second group of experiments in Table II illustrate the 
combined effect of NEM and guanidinium chloride. At pH 6, 
both disulfides are quite stable in the presence of guanidinium 
ion, as was noted in Table I. The addition of NEM, however, 
causes a marked disappearance of both disulfides, cystine once 
again being the most affected. As was noted at pH 6.7 in the 
absence of guanidinium ion, the loss of cystine is accompanied by 
the appearance of new peaks (NEM derivatives?) on the chro- 
matogram. At a more alkaline pH, however, NEM does not 
enhance the already considerable ability (cf. Table I) of the 
guanidinium ion to accelerate the disappearance of both disul- 
fides. It is of interest to note that the action of guanidinium 
chloride differs from that of NEM; the former is more effective in 
labilizing GSSG, whereas the latter reacts most readily with 
cystine. 

The third group of experiments in Table II demonstrates the 
fact that both disulfides are less stable at 50° than at 40°, and 
that NaSeOs does not alter the stability of the disulfides either 
in the presence or absence of guanidinium chloride. Incubating 
in the absence of light was also without effect. 

Taken as a whole, the data presented in Tables I and II 


5 The chromatographic behavior of the products formed when 
éysteine reacts with N-ethylmaleimide has been studied by Dr. 
R. David Cole, to whom we wish to express our gratitude. 
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TaB_eE II 
Influence of various substances upon stability 
of oxidized glutathione and cystine 
The disulfide concentrations were 3 mm (see ‘‘Experimental”’ 
section). 


Amount of 
disulfide remain- 
ing at end of 

Conditions of incubation experiment 


Gluta- Cystine 


thione 

% % 
30 hours, 40°, pH 6.7 93 92 
30 hours, 40°, pH 6.7 + NEM* 92 73 
30 hours, 40°, pH 6.7 + Cu** (3 X 10-4 m) 82 56 
30 hours, 40°, pH 6.7 + EDTA (1 X 107-3 m) 50 51 
40 hours, 40°, pH 6.7 93 89 
40 hours, 40°, pH 6.7 + Fe*** (1 & 10-3 m) 92 88 
34 hours, 40°, pH 6, 2 m guanidinium chloride 97 98 


34 hours, 40°, pH 6, 2 Mm guanidinium chloride + 77 56 
NEM* 
34 hours, 40°, pH 8, 2 mM guanidinium chloride 42 69 
34 hours, 40°, pH 8, 2 m guanidinium chloride + 62 71 
NEM* 


40 hours, 40°, pH 7.0 89 83 
40 hours, 40°, pH 7.0 in the dark 86 83 
40 hours, 30°, pH 7.0 84 83 
40 hours, 50°, pH 7.0 73 69 
40 hours, 40°, pH 7.0 + NaSeO; 86 


85 

40 hours, 40°, pH 7.0 + 2 mM guanidinium chloride 73 75 
40 hours, 40°, pH 7.0 + 2m guanidinium chloride + | 71 72 
NaSeO; 


* N-Ethylmaleimide, 0.2 mg per ml. 


demonstrate quite clearly that prolonged incubation at pH 7 in 
the presence of NEM and 2 m guanidinium chloride, the condi- 
tions employed for the hydrolysis of ribonuclease by trypsin and 
chymotrypsin, labilizes disulfide bonds. The data also show 
that the extent of the labilization is a function of the structure 
of the disulfide, and hence it is entirely possible to explain on 
these grounds the failure to isolate cystine-containing peptides 
involving two of the four disulfide bonds. 

Since neutral or alkaline pH, guanidinium ions, and NEM are 
all contraindicated, it is clear that primary hydrolysis of native 
ribonuclease by trypsin or chymotrypsin is not a favorable pro- 
cedure for obtaining cystine peptides. The stability of disulfide 
bonds at pH 2, coupled with the ability of pepsin to hydrolyze 
native proteins at this pH, suggested that this enzyme should 
be tried as the primary hydrolytic agent. It was anticipated 
that once the structure of the native protein had been disrupted | 
by the action of pepsin, further hydrolysis by trypsin and chymo- 
trypsin could be brought about in the absence of guanidine and 
at pH 6.0 to 6.5. Accordingly, an experiment along these lines 
was carried out. 

Hydrolysis of Ribonuclease A by Pepsin, Trypsin, and Chymo- 
trypsin—After hydrolysis of ribonuclease A (1% solution) by 
pepsin (0.02%) at pH 2 for 16 hours, a 203% increase in nin- 
hydrin color had occurred. Upon addition of trypsin (0.04%) 
and hydrolysis at pH 6.5 for 8 hours, the total increase in nin- 
hydrin color was 311%, and this value rose to 334% after a fur- 
ther 16 hours of hydrolysis by chymotrypsin (0.01%). 
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Fig. 3. Separation of cystine-containing peptides formed by the 


The hydrolysate was chromatographed on a 150- xX 1.8-cm 
column of Dowex 50-X2, with the results shown in Fig. 3. The 
analysis for disulfide bonds revealed the presence of five peaks, 
Ai, Az, B, C, and D, each of which was found on amino acid 
analysis to contain cystine. The last peak, which emerged with 
the 0.2 n NaOH, contained no cystine. The five peaks were de- 
salted, oxidized with performic acid, and the oxidized products 
rechromatographed. The results for all except Zone A; are 
given in Fig. 4, wherein is also shown the amino acid composition 
of each of the main cysteic acid peptides. Zone A; contained 
two cysteic acid peptides which had the same amino acid compo- 
sition and emerged at the same effluent volumes as peptides 
A2-1 and A:-3 (no peak corresponding to A:-2 was present), and 
this result is not included in Fig. 4. 

From the amino acid compositions presented in Fig. 4, and 
the full sequence for oxidized ribonuclease (5), the original ribo- 
nuclease molecule can be shown to have contained disulfide bonds 
joining half-cystine Residues I and VI, II and VII, III and VIII, 


hydrolysis of ribonuclease A by pepsin, trypsin, and chymotrypsin 


and IV and V. A two-dimensional, schematic diagram of the 
ribonuclease molecule which embodies this information and the 
sequence data presented in the preceding paper is shown in Fig. 
5. 

The amino acid composition and yields in umoles of all of the 
cysteic acid peptides that have been isolated, including minor 
components, are given in Table III. From these data the per- 
centage yields (based on the amount of ribonuclease A originally 
submitted to hydrolysis) of the cystine peptides originally pres- 
ent in the zones A; to D in Fig. 3 have been calculated and are 
given in connection with the appropriate chromatogram in Fig. 
4. The yield given in the top curve of Fig. 4 includes the data 
from both Zones A; and Ag, since the principal cysteic acid pep- 
tidesin both are derived from the I—VI disulfidebond. The yield 
for the II—VII bond given on the bottom curve of Fig. 4 in- 
cludes also the quantity of alanylcysteic acid found in peak 
A:-1 and the peptide Az-2 on the assumption that these two pep- 
tides can be derived only by alternative cleavage around the 
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Fic. 4. Separation on a 30- X 0.9-cm column of Dowex 50-X2 of the cysteic acid peptides formed by performic acid oxidation of the 
peptides present in Zones Ao, B, C, and D of Fig. 3. The yields of the peptides containing each of the disulfide bridges given on each 
of the efluent curves have been calculated from the data shown in Table III. 


II—VII linkage. The yield of the IV—V bond in Fig. 4 (47%) 
is calculated from the amino acid analysis of the unoxidized ma- 
terial obtained directly from Zone C, since the analytical data 
indicated that the cystine peptide obtained from the first chro- 
matogram was virtually pure. The yield calculated from the 
cysteic acid content of peptides C-1, C-2, and C-3 (Fig. 4) would 
be 37%. The yield of a given disulfide bond is based upon the 
amount of the cysteic acid peptide obtained in largest quantity, 
although, in general, the cysteic acid peptides representing the 
two halves of the disulfide bond were obtained in roughly similar 
yields. 


The various zones in Fig. 3 certainly do not represent pure 
peptides, with the possible exception of Zone C. As Ryle and 
Sanger pointed out in their original paper (7), it is not necessary 
to obtain homogeneous cystine peptides at this stage, since the 
subsequent oxidation step yields cysteic acid peptides which, 
because of their acidity, are readily separable from the noncys- 
teic acid peptides present as impurities. This has proved to be 
the case in the present work. Peaks A2-4 and B-5 (Fig. 4), for 
example, contain no cysteic acid and emerge at the same effluent 
volume as did the original Zones A: and B in Fig. 3. In some 
cases, however, the cysteic acid peptides have not been pure, 
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Fic. 5. A two dimensional schematic diagram of the structure of bovine ribonuclease showing the arrangement of the disulfide 


bonds and the sequence of the amino acid residues (cf. (5), Fig. 1). 


from the amino end. 


particularly those that emerge rapidly from the column such as 
A:1, B-1, and C-1. Even some of the more retarded peaks are 
mixtures, t.e. B-3, C-3, and D-2. In such cases, the nature and 
amount of the peptides present has been deduced, without possi- 
bility for confusion, from the quantitative amino acid analyses 
and from the known amino acid sequence of ribonuclease (5). 
For example, the analysis of B-3 indicated the presence of 5.31 
umoles of alanine, cysteic acid, serine, and lysine, and 5.96 
umoles of both valine and glutamic acid. There was no visible 
trace of any other amino acid. The residues in question can only 
come from the area of the ribonuclease molecule around half- 
cystine III, and fit the segment of the chain from Residues 56 to 
61 inclusive. However, the marked excess of valine and glu- 
tamic acid indicates some other peptide must be present. Since 
no other amino acids were found in the hydrolysate, and since 
valine and glutamic acid occur together in only one place in the 
ribonuclease molecule, namely, at positions 54 and 55 immedi- 
ately preceding the segment comprising the bulk of B-3, it is 
reasonable to assume that B-3 contains two peptides, one com- 
prising the residues from 56 to 61 and making up 76% of the 
mixture, the other encompassing Residues 54 to 61 and compris- 
ing 24% of the mixture. In other instances where the amino 
acid analysis indicated mixtures of peptides to be present, the 
composition of the mixture was elucidated in a similar manner. 
In almost every case, it was possible in this way to account for 
over 95% of all of the amino acid residues found analytically, 
leaving only 2 to 5% ascribable to impurities of unknown na- 
ture. 

The recoveries of the four cystine residues of ribonuclease as 
constituents of peptides of known structure were not very high 
(20 to 47%). The low yields arise in part from purely mechani- 
cal losses during the lyophilization steps in the final oxidation 
procedure. Quantities of the light, highly charged residues were 
often carried into the condenser. By comparing the amount of 


The arrows indicate the direction of the peptide chain starting 


cystine found by amino acid analysis in the original mixture of 
peptides (Fig. 3) submitted to oxidation, with the quantity of 
cysteic acid recovered as peptides (Fig. 4 and Table III), it has 
been estimated that these losses cannot exceed about 20% of the 
values given in Fig. 4. 

The main reason for the low yield of cystine peptides is that, 
as can be seen from Table III, the enzymatic cleavages do not 
proceed quantitatively to yield a single cystine-containing pep- 
tide involving each disulfide bond. Indeed, in every instance 
more than one cysteic acid peptide involving a given half-cystine 
residue was obtained, although usually a single peptide pre- 
dominated. It was doubtless this predominant peptide that was 
picked up by the cystine analyses performed on the effluent 
fractions from the first chromatographic separation, since the 
method is not as sensitive as might be desired. The minor cys- 
tine-containing components were revealed only after oxidation 
and rechromatography. Very likely additional cystine peptides 
might be found in small quantities, were other areas of the efflu- 
ent curve shown in Fig. 3 to be examined by the same means. 

A comparison of the data in Table III with the sequence of 
amino acid residues shown in Fig. 5 (and in Fig. 1 of the previ- 
ous paper) indicates that the principal enzymatic cleavages of 
intact ribonuclease by pepsin, trypsin, and chymotrypsin, have 
frequently, though not always, occurred at the points in the pep- 
tide chain that might have been expected on the basis of the ac- 
tion of the same enzymes upon oxidized ribonuclease. Two 
notable exceptions involve peptides containing half-cystine Resi- 
dues I and VIII. The cleavage at the bond between the two 
methionine residues occupying positions 29 and 30, which yielded 
peptides, A:-1, A21, and B-1 does not occur with oxidized ribo- 
nuclease, possibly because these two residues are then in the 
form of the sulfone. Cleavage of the alanylcystinyl bond be- 
tween Residues 109 and 110 to yield peptide B-2 also does not 
occur to a major extent with oxidized ribonuclease. Rather, 
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Amino acid composition and yields of cysteic acid peptides isolated 
from enzymatic hydrolysate of ribonuclease A 

The capital letters designate the zones in Fig. 3 and the numer- 
als the peaks in Fig. 4 from which each cysteic acid peptide was 
obtained. As explained in the text, the chromatogram obtained 
from Zone A; has the same major peaks as Az (there is no peak 
corresponding to A2-2) and therefore is not reproduced in Fig. 4. 


Amides are placed in parentheses (cf. text). 


The numbers in 


parentheses are the residue numbers in Fig. 1 of the preceding 


paper (5). 
P Amino acid composition of peptide 4 
pmoles 
Ai-l [CySO;3H, Asp(NH2), Glu(NHz2), |2.39 + 0.10) I 
MeSO:] (26-29) 
[Ser, leu, Thr, Asp, CySO:H, {1.88 + 0.08) VI 
Arg] (80-85) 
[CySO3H, Asp(NH2), Glu(NH2), |2.50 + 0.12) I 
MeSO;] (26-29) 
[Ala, CySO;H] 1.60 IV, VII, 
or VIII 
A2-2 [CySO;H, Lys, Pro, Val, 1.55 + 0.02) II 
Asp(NH:2), Thr] (40-45) 
Ao-3 (Ser, Ileu, Thr, Asp, CySO;3H, |2.63 + 0.11] VI 
Arg] (80-85) 
Unaffected by oxidation—no 
CySO;H 
B-1 [CySO3H, Glu, Gly, Asp(NHz2), |0.60 + 0.02) VIII 
Pro] (110-114) 
[Val, Ala, CySO;H, Glu, Gly] {0.14 + 0.03) VIII 
(108-112) 
[CySO3H, Asp(NH2), Glu(NH2), {0.31 + 0.01) I 
MeSO,] (26-29) 
B-2 [CySO;3H, Glu, Gly, Asp(NH2), [3.68 + 0.03} VIII 
Pro, Tyr] (110-115) 
B-3 [Ala, Val, CySO:3H, Ser, 4.02 + 0.01) III 
Glu(NH2), Lys] (56-61) 
(Val, Glu(NH2), Ala, Val, /1.29 + 0.03) III 
CySO3H, Ser, Glu(NH:), Lys] 
(54-61) 
B-4 [Ser, Ileu, Thr, Asp, CySO;H, |0.09 + 0.01) VI 
Arg] (80-85) 
B-5 Unaffected by oxidation—no 
CySO;H 
C-1 [Asp(NH2), Gly, Thr, Asp(NHz2), |0.99 + 0.01/ V 
Glu(NH:), CySO;H] (67-72) 
[Tyr, CySO;H, Asp(NH2), 0.45 + 0.05; If 
Glu(NH2), MeSOz2] (25-29) 
C-2 [Asp(NH.2), Gly, Thr, Asp(NHe2), |7.85 + 0.16) V 
Glu(NH:),CySO3H,Tyr] (67-73) 
C-3 [Val, Ala, CySO;H, Lys] (63-66) |2.10 + 0.20) IV 
[Asp(NH2), Val, Ala, CySO3H, |7.78 + 0.40) IV 
Lys] (62-66) 
D-1 [Tyr, Pro, Asp(NH2), Ala, |4.48 + 0.04) VII 
CySO;H] (92-96) 
D-2 [(CySO3H, Lys, Pro, Val, 4.86 + 0.30) II 
Asp(NH2)Thr] (40-45) 
[Tyr, Pro, Asp(NH2), Ala, |0.65 + 0.03) VII 


CySO:;H] (92-96)t 
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TABLE III Continued 

* Corrected for aliquots withdrawn during the isolation proce- 
dure and for a 10% loss during the oxidation step. The amount 
of ribonuclease A used for hydrolysis originally was 26.4 umoles. 
The yields are calculated from the cysteic acid content of the pep- 
tides and carry an average deviation which indicates the extent 
to which the molar quantities of the other constituent amino acids 
differed from the expected whole number ratio. The amino acid 
residues comprising the peptides listed in the table account for 
between 95 and 100% of the residues found in the fractions ana- 
lyzed. Therefore, impurities with a different composition are 
present to less than 5%, frequently less than 2% of the observed 
yield. 

t There was a small peak after C-3 which was not analyzed and 
might, judging from the similarity of its position to that of A2-3, 
have contained a small amount of a peptide involving half-cystine 
VI. This would suggest the presence of a small amount of a pep- 
tide from the I—VI bridge. 

t The tyrosine in this peptide is present as chlorotyrosine, 
doubtless formed from tyrosine in small yield during the oxidation 
step (14, 16). 


hydrolysis by pepsin was observed to occur between Residues 
108 and 109. Here again the difference might be a result of the 
presence of a cystine residue rather than the residue of cysteic 
acid which exists in the oxidized protein. Other unexpected 
cleavages may be a result of the presence of traces of proteolytic 
impurities in one of the enzyme preparations used (cf. ‘“‘Discus- 
sion’”’ in previous paper (5)), or, more probably, reflect the fact 
that it is difficult to predict the results of the sequential action 
of three enzymes upon native ribonuclease on the basis of the ac- 
tion of each alone on the oxidized protein. 

It will be noted that the major cystine peptides present in 
Zones A; and Ae, which must differ from one another in some 
way, since they travel at different rates on the column (Fig. 3), 
give rise on oxidation to pairs of cysteic acid peptides (Ai-1 and 
A,-2, and and Table III) that have identical amino 
acid compositions and rates of travel on the 30- x 0.9-cm column 
of Dowex 50-X2 (Fig. 4). A small amount of the same cystine 
peptide also appears in Peak B-1. The most plausible explana- 
tion for these findings is that these original cystine peptides dif- 
fered in the state of oxidation of the methionine sulfur, since the 
ease with which methionine can be oxidized to the L-methio- 
nine-d- or -l-sulfoxides is well known. After oxidation by per- 
formic acid, such peptides would be the same, all containing a 
methionine sulfone residue. 

The fact that peptides with apparently identical composition 
appear in Peaks D-1 and D-2 is explained by the finding of chloro- 


‘tyrosine in D-2. The chloro- derivative doubtless had been 


formed from tyrosine in small yield during the oxidation step 
(14, 16). 


DISCUSSION 


Arrangement of Disulfide Bonds—As was the case with the 
formula showing the sequence of amino acid residues in oxidized 
ribonuclease (5), the most important question that can be asked 
about the diagram given in Fig. 5 is the validity of the distribu- 
tion of disulfide bonds shown therein. Certainly, on the basis of 
the data obtained, no other pairing of half-cystine residues can 
be made, but the yields of the various pairs of cysteic acid pep- 
tides are not sufficiently high to rule out completely the possi- 
bility of disulfide interchange. On the other hand, the yields 
are good enough, particularly in the case of the IV—V bond, to 
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make this unlikely. It is especially significant that conflicting 
data were not obtained. In the work of Ryle and Sanger (7), 
the occurrence of disulfide interchange was discovered when more 
cystine peptides were obtained than a unique structure of insulin 
would permit. The absence of such conflicting findings probably 
offers the strongest support for the formulation given in Fig. 5. 

The fact that only a single arrangement of disulfide bonds has 
been found, does not mean, of course, that this is the only ar- 
rangement compatible with enzymatic activity. Definitive in- 
formation on this question is lacking at present. 

The distribution of disulfide bonds given in Fig. 5 is not the 
same as that published by Ryle and Anfinsen (6). After diges- 
tion by subtilisin at pH 8.0, electrophoretic separation of the 
peptides on paper strips, oxidation of the cystine-containing pep- 
tides, separation of the cysteic acid peptides by electrophoresis 
on paper, and determination of the amino acid composition of the 
peptides by paper chromatography, they obtained evidence which 
they interpreted as indicating a I—VI, II—VIII, III—VII, and 
IV—V pairing of the half-cystine residues. Yields of the vari- 
ous peptides isolated were not reported. Qualitative results ob- 
tained before the complete sequence of ribonuclease was estab- 
lished were difficult to interpret, as the authors noted at the 
time. On the basis of present knowledge, the data of Ryle and 
Anfinsen do not support the complete arrangement of disulfide 
bonds they originally suggested. 

As a result of the experience with other enzymes, and of the 
studies reported in this communication, it would appear that 
pepsin is the enzyme of choice for the primary hydrolysis of 
native proteins when the objective is the determination of the 
distribution of disulfide bonds. The lack of a sharp specificity 
is more than compensated for by the fact that pepsin is active 
against native proteins at the mildly acid pH values which have 
been shown to stabilize disulfide bonds. 

From the two dimensional schematic diagram given in Fig. 5, 
it is clear that ribonuclease possesses a tightly coiled structure. 
Within this structure are one small and two large disulfide rings. 
The small ring, involving the IV—V bond, contains eight amino 
acid residues, and is thus larger by two residues than the disul- 
fide rings in vasopressin and oxytocin, and the small ring in in- 
sulin. The two larger rings contain 28 and 34 residues, and are 
formed by the I—VI and II—VII bonds, and by the II—VII 
and III—VIII bonds, respectively. The larger disulfide ring in 
insulin is of a comparable size, containing 27 residues. 

The nature of the amino acid residues around the half-cystine 
residues is worthy of comment. The sequence Val.Ala.Cys. 
occurs twice (half-cystines IV and VIII) and the similar sequence 
Ala.Val.Cys. once (half-cystine III). The sequence Cys.Tyr 
occurs twice (half-cystine V and VII) and Tyr.Cys. once (half- 
cystine I). The sequence Cys. Lys appears twice (half-cystines 
II and IV) and the similar sequences Cys. Asp—NH:2.Glu— 
and Asp—NH:2.Glu—NH2.Cys occur at half-cystines I 
and V. In addition it may be noted that the sequences Tyr.- 
Cys. Asp—NH:z (half-cystine I), and Val.Cys.Ser (half-cystine 
III) also are found in insulin. If significant repeating sequences 
are to appear in proteins, the meager data thus far available 
would suggest that in the neighborhood of half-cystine residues 
is a likely place to find them. 

The compactness which is conferred upon the ribonuclease 
molecule by the arrangement of disulfide bonds shown in Fig. 5 
is doubtless responsible in part for its notable stability. The di- 
sulfide bond structure must also cooperate in an important man- 
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ner to bring into correct spatial orientation those amino acid 
residues that collectively are often referred to as the “active 
site.’ For there is now evidence from the work of Richards 
(17), of Barnard and W. P. Stein (18), and of Gundlach et al. (19) 
that the structure of the active site may be assembled from amino 
acid residues some of which are distant from one another when 
the peptide chain of ribonuclease is extended. Were this the 
case, it would be the folding of the molecule that is responsible 
for enzymatic activity, and the primary structure, particularly 
the disulfide bonds, would|act to restrict and direct this folding 
process so that a stable, active molecule results. The experi- 
ments of White (20) on the reactivation of reduced ribonuclease 
are particularly significant in this regard. Once the primary 
structure of a protein such as ribonuclease is known, it is clearly 
the task of the future to learn the nature of the three dimensional 
structure of the molecule and to understand the forces which 
brought it into being and which stabilize it. 

On Stability of Disulfide Bonds—When ribonuclease was hy- 
drolyzed by trypsin and chymotrypsin at neutral pH, cystine 
peptides involving the I—VI and IV—V disulfide bonds proved 
easier to isolate than the peptides containing the II—VI1I or the 
III—VIII bonds. Thus, there seem to be significant differences 
in the stabilities of the disulfide bonds. In the intact protein 
there is little apparent tendency for the disulfide bonds to break; 
ribonuclease is stable to heat, extremes of pH, and the action of 
strong solutions of urea (cf. (21)). The full structure of the mole- 
cule probably conveys an added stability. Differences in the 
lability of the disulfide bonds seem to become more readily ob- 
servable, therefore, when smaller peptides are formed by hy- 
drolytic action. 

The tests on the stability of cystine and glutathione under 
different conditions (Tables I and II) illustrate some of the dif- 
ferences that can occur. In aqueous solution, cystine is more 
sensitive than GSSG to the presence of NEM and Cut+. Theef- 
fect of guanidinium chloride is of particular interest in view of its 
frequent use to unfold or ‘‘denature”’ proteins. At pH 6, guani- 
dinium chloride accelerates the reaction of the disulfides with a 
reagent for —SH groups (NEM), the effect being greater with 
cystine than with GSSG. This result is reminiscent of the re- 
action of so called ‘“‘sluggish —SH groups” in proteins, which in 
some instances may simply be disulfide bonds that open to con- 
dense with the reagent. There is also the possibility, with metal- 
containing reagents such as_ p-chloromercuribenzoate, that 
reactive disulfide bonds may combine directly with the “sulfhy- 
dry] reagent.” 

These considerations are in line with the very thoughtful dis- 
cussion by Cecil and McPhee (22)° of the factors which influence 
the general reactivity of sulfhydryl and disulfide bonds. 


SUMMARY 


It has been established that the eight half-cystine residues in 
bovine ribonuclease are joined to one another by four disulfide 
bonds linking half-cystine Residues I and VI, II and VII, Ill 
and VIII, and IV and V, numbering from the amino end of the 
single peptide chain. The resulting formula represents the 
complete primary structure of bovine pancreatic ribonuclease. 

The results were obtained by hydrolyzing ribonuclease with 


6 We wish to express our gratitude to Drs. Cecil and McPhee 
for according us the privilege of seeing their excellent review be- 
fore its publication, and also to Dr. John T. Edsall for making 
this possible. 
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pepsin at pH 2, followed by brief hydrolysis with trypsin and 
chymotrypsin. The cystine-containing peptides were located 
in the effluent from an ion exchange column, were oxidized by 
performic acid, and the cysteic acid peptides thus formed were 
also separated chromatographically. From amino acid analyses 
of the isolated peptides, obtained in yields of 20 to 47%, and by 
reference to the complete sequence for the peptide chain of oxi- 
dized ribonuclease, it was possible to determine which of the 
half-cystine residues were joined in the native enzyme. Cleav- 
age by pepsin was selected as a favorable method of hydrolysis 
when it was found that, after the action of trypsin and chymo- 
trypsin in 2 M guanidinium chloride, it was only possible to 
isolate cystine-containing peptides involving two of the four 
disulfide bonds. Control experiments with the model disulfides, 
cystine and oxidized glutathione, pointed to the desirability of 
operating at pH 2, in the absence of guanidinium ion or N- 
ethylmaleimide, in order to preserve intact the disulfide bonds 
of the original protein molecule. 
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Studies on the structure of fowl plague virus have revealed 
the particle to consist of a ribonucleoprotein core (G-antigen) and 
an exterior shell of hemagglutinin units imbedded in a lipid ma- 
trix; the hemagglutinin portion also possesses intrinsic or asso- 
ciated neuramidase activity (1, 2). With the aid of the fluores- 
cent antibody technique (3, 4), by isotopic labeling experiments 
(5), and by inhibition with proflavine (6), it has previously been 
demonstrated that synthesis of these subunits is mediated by 
distinct and separate processes in the infected cell. Following 
attachment of the virus particle to the cell and penetration of 
the infective unit (presumably the RNA), a period of 2 to 3 hours 
elapses before the S-antigen protein, the soluble immunological 
counterpart of the G-antigen, makes its appearance in the cell.! 
It appears first in the nucleus, but is later also demonstrable in 
the cytoplasm. The hemagglutinin unit, however, is synthe- 
sized slightly later and in contrast to the S-antigen, appears first 
in the cytoplasm of the cell in intimate association with the endo- 
plasmic reticulum. These virus-specific units subsequently mi- 
grate to the surface of the cell and are assembled along with some 
preformed cellular lipids into mature virus particles. 

To gain some insight into the mechanisms by which the in- 
fecting virus particle induces the synthesis and assembly of the 
virus-specific subunits, the reconstruction of the various inter- 
mediate stages of fowl plague synthesis is being attempted in 
cell-free systems. This communication describes preliminary 
experiments directed towards obtaining the synthesis in vitro of 
the S-antigen. It has been demonstrated that homogenates and 
partially fractionated preparations from fowl plague-infected 
cells can carry out a cofactor-dependent, ribonuclease-sensitive 
labeling of the S-antigen with leucine-C'%. In addition, the ki- 
netics of the appearance of the S-antigen synthesizing system 
following virus infection, and some aspects of its stability, have 


been studied and are discussed. 
METHODS 


Infection Procedure and Preparation of Homogenates—Chick 
embryo cells were prepared according to Dulbecco (7) from 10- 
day-old embryos and cultivated in Petri dishes. Each Petri 


* This work was supported in part by funds from the Deutsche 
Forschungsgemeinschaft and by Grant (C-1987) from the United 
States Public Health Service. 

t Present address, McArdle Memorial Laboratory for Cancer 
Research, University of Wisconsin Medical School, Madison 6, 
Wisconsin. This work was performed as a Schering Scholar and 
during the tenure of a George Ives Haight Travelling Fellowship 
from the University of Wisconsin. 

1 In comparative serological, physical, and chemical studies the 
S-antigen is not distinguishable from the G-antigen of the ribo- 
nucleoprotein core of the mature fowl plague particle (1, 2). 


dish (90 mm in diameter) received 0.25 ml of sedimented cells 
suspended in 10 ml of lactalbumin-yeast medium? containing 
10% calf serum. The plates were incubated at 37° for 24 hours 
in an atmosphere of 5% COs in air before use. Since the cells 
attached to the glass had a predominantly fibroblastic appear- 
ance, the cells will be referred to as fibroblasts. _ 

To initiate a typical virus experiment, the medium was re- 
moved, the cell layers were washed quickly with 10 ml of warm 
(37°) saline-phosphate (0.14 m NaCl in 0.02 m sodium phosphate 
buffer at pH 7.2), and infection was carried out by drop-wise 
distribution of 1 ml of virus-infected egg fluid containing 10° egg 
IDs50 doses over the surface of the plate. After a 30-minute in- 
fection period at 37°, each plate was overlayered with 10 ml of 
fresh medium (37°) and returned to the incubator. Control 
cultures were handled identically except that normal egg fluid 
was substituted for the virus-infected material. 

After specified periods of viral growth, the infected cell layers 
were washed with cold saline-phosphate, and scraped from the 
glass surface. The cells were sedimented in graduated centrifuge 
tubes for 3 minutes at 2000 r.p.m. (approximately 750 x g) to 
remove the excess washing medium and to secure an estimate of 
the volume of cell material. The cells were then homogenized 
in 2.5 volumes of either isotonic or hypotonic medium as speci- 
fied. The isotonic medium contained 20 umoles of potassium- 
phosphate buffer of pH 7.8, 25 uwmoles of KCl, 35 umoles 
of KHCO; and 347 umoles of sucrose per ml. In the hypotonic 
medium the sucrose was omitted, and 22.4 umoles of MgCl. were 
added per ml in addition to the other ingredients above. Where 
indicated a “phenol extract’’ (described below) of normal chick 
embryo was added to this medium. All homogenizations were 
carried out with a motor driven, all glass Potter-Elvehjem ho- 
mogenizer (30-ml volume) at the temperature of an ice bath for 
either 14 or 3 minutes as indicated. These homogenates or speci- 
fied centrifugal fractions were used as the enzyme sources in the 
incorporation studies to be described. 

Incorporation System—Considerable effort was directed to- 
ward obtaining optimal conditions for the incorporation of leu- 
cine-C" into protein with homogenates of normal chick embryo 
cells before attempting the virus synthesis experiments. The 
optimal system which was arrived at contained 1 umole of ATP, 
10 uwmoles of creatine phosphate, 10 ug of creatine transphos- 
phorylase, 4 umoles of MgCle, phenol extract containing 700 yg 
of embryo nucleic acid, 20 umoles of Tris buffer pH 7.4, 0.1 umole 
of L-leucine-C"™, 250 umoles of sucrose, and 0.25 ml of fibroblast 
homogenate per ml of reaction mixture. 


2 Earle’s salt solution containing 0.5% lactalbumin hydrolysate 
and 0.1% yeast extract. 
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All reactions were carried out at 37° in an atmosphere of air. 
To determine the labeling of total cell proteins, the reactions 
were terminated by the addition of 10% trichloroacetic acid at 
the specified time. The precipitated proteins were washed by 
alternate sedimentation and resuspension: 4 times in 10% tri- 
chloroacetic acid, 2 times in ethanol, and 2 times in ether. The 
dried residues were spread on weighed aluminum planchets with 
the aid of 98% formic acid, dried, and counted in a thin window 
gas flow counter. 

Isolation of Virus Specific Protein—In studies on the labeling 
of S-antigen in the homogenate systems the reaction mixtures 
were cooled to 0° after 1 hour of amino acid incorporation, and 
an aliquot of carrier S-antigen added (10% of the total amount 
to be added) and the contents of the reaction flask were shaken 
vigorously for 30 minutes at room temperature with an equal 
volume of peroxide-free ether. On centrifugation for 20 minutes 
at 4000 r.p.m. (approximately 3000 xX g) in a cooled centrifuge, 
the emulsion separated into ether, and aqueous phases separated 
by a precipitated protein interphase. The soluble aqueous 
phase, containing the S-antigen (8), was cautiously removed and 
the dissolved ether was evaporated with a stream of nitrogen. 
After a second centrifugation at 4000 r.p.m. for 15 minutes to 
remove traces of insoluble protein sedimentable at this speed, 
the remainder of the carrier S-antigen was added to an aliquot 
of the aqueous phase; this was followed by the addition of the 
highly specific antiserum. The formation of the specific precipi- 
tates (antigen-antibody complex) was accelerated by warming 
to 37° for 30 minutes, after which the tubes were allowed to stand 
at 4° for a period of 12 hours to complete the precipitations. The 
specific precipitates were then harvested by centrifugation at 
3000 r.p.m. (approximately 1700 xX g) in a refrigerated centrifuge 
for 15 minutes. Nonspecific radioactivity was removed by wash- 
ing the precipitates successively: 3 times with ice-cold saline- 
phosphate, 3 times with 10% trichloroacetic acid, twice with 
ethanol, and twice with dry ether. The residues were spread 
with the aid of 98% formic acid on weighed aluminum planchets 
and counted for radioactivity. 


MATERIALS 


The “Rostock” strain of the fowl plague virus, which was used 
in these experiments, was cultured by passage through chick em- 
bryos. Antisera were prepared in rabbits against the G-antigen 
fraction isolated from purified fowl plague virus (1-3). The 
sera were carefully adsorbed with a purified normal component 
from chick embryo allantoic fluid (10) until no further precipitin 
reaction was demonstrable with this component. Soluble anti- 
gen (S-antigen) was prepared from infected embryonic chick 
membranes as described elsewhere (8, 9). In all specific precipi- 
tation reactions the ratio of antiserum to S-antigen was adjusted 
so as to give maximal precipitation of the antigen-antibody com- 
plex. Amounts of antigen and antiserum were used to give from 
2 to 6 mgm of specific precipitate in various experiments. 

Phosphocreatine and adenosine triphosphate were obtained 
from Sigma Chemical Company (St. Louis, Missouri) and Boeh- 
ringer and Séhne (Mannheim, Germany), respectively. Creatine 
transphosphorylase was prepared according to Kuby et al. (11). 
Randomly labeled t-leucine-C“ (8.78 uc per umole) was ob- 
tained from Radiochemical Centre (Amersham, Buckingham- 
shire, England). (2.25 we per umole) was 


obtained from New England Nuclear Corporation (Boston, Mas- 
sachusetts). 


‘of ethanol. 
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TABLE I 


Effect of various factors on the incorporation of leucine-C™ into 
cell proteins by fibroblast homogenates 


C.p.m./ 
Variation 
A Complete system: 52 
Minus ATP, creatine phosphate, and crea- 8 
tine transphosphorylase 
Minus creatine phosphate and creatine 10 
transphosphorylase 
B Complete system: 
Minus Mg 8 
Plus 2 umoles Mg 40 
Plus 4 umoles Mg 59 
Plus 6 umoles Mg 43 
Plus 10 uymoles Mg 26 
C Complete system with sucrose at: 
0.06 m 43 
0.25 M 71 
0.50 M 39 
D Complete system: 71 
Plus 0.07 m NaF 16 
Plus 1 48 RNase 43 


The incorporation study was carried out in a reaction volume of 
1 ml; the complete system is described under ‘‘Methods.’’ Reac- 
tion time was 30 minutes in Experiments A, C, and D, and 60 min- 
utes in Experiment B. The specific activity of pLi-leucine-1-C™ 
was 2.25 ue perumole. All homogenates were prepared in isotonic 
medium. Data are expressed as c.p.m. per mg protein residue. 


In the preparation of a “phenol extract” of chick embryos, 2 
volumes of 10 to 14-day-old normal embryos were homogenized 
directly into an ice-cold mixture of 3 volumes of water and 5 
volumes of 80% phenol in water using a Buehler homogenizer 
(Buehler Instrument Company, Tiibingen, Germany) for 5 min- 
utes at 12,000 r.p.m. (12). The resulting mixture was shaken 
manually in a water bath at 40° for 5 minutes and then centri- 
fuged briefly at 12,000 r.p.m. in a refrigerated centrifuge to sepa- 
rate the emulsion. The aqueous phase was retained and re- 
extracted twice with an equal volume of molten phenol at 40°. 
After the residual phenol in the aqueous phase was removed by 
6 successive extractions with peroxide-free ether, a nucleic acid- 
containing fraction was obtained by precipitation with 3 volumes 
After washing with ethanol and ether the residue was 
dissolved in water to give a solution with an optical density at 
260 my equivalent to 5 mg of RNA per ml and referred to as 
‘“‘phenol extract.” Residual ether was evaporated with a stream 
of nitrogen. 


RESULTS 


Factors Affecting Incorporation of Leucine into Cell Protein— 
The effect of omitting various constituents is revealed in Table 
I. The dependence of the amino acid incorporation on the ATP- 
generating system, and the sensitivity to RNase was taken as 
preliminary evidence of the subcellular nature of the incorporat- 
ing system. Of particular interest was the sensitivity to mag- 
nesium ion concentration; concentrations higher or lower than 4 
umoles of Mg++ per ml of reaction mixture significantly limited 
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Fic. 1. The effect of ‘“‘phenol extract”’ (P. E.) from chick em- 
bryo on incorporation system. The volume of the reaction mix- 
ture described under ‘‘Methods’’ was 1.0ml. Aliquots of ‘‘phenol 
extract’’ containing initially 700 wg of embryo nucleic acid were 
added as indicated. Alkaline treatment of ‘‘phenol extract’’ con- 
sisted of 0.3 Nn KOH at 37° for 12 hours. The specific activity of 
pL-leucine-1-C1* was 2.25 we per wmole. Data are expressed as 
total counts per minute (c.p.m.) incorporated into the protein- 
nucleic acid residue of the reaction medium. 


amino acid incorporation into protein. No requirement for 
guanosine triphosphate could be demonstrated. 

In most of the virus experiments to be described, ‘phenol ex- 
tract”? containing 700 ywg of chick embryo nucleic acid was in- 
cluded in each milliliter of reaction mixture due to a generalized 
enhancement of the incorporating activity (Fig. 1). The role 
of this fraction is however unknown. Since the activity of the 
latter material was not destroyed by alkali, RNase or DNase 
treatment it is unlikely that the active factor(s) is nucleic acid 
at all. Possibly it is related to lipopolysaccharide components 
present in this fraction (13). The stimulating effect of different 
preparations was, however, proportional to the content of nucleic 
acid (RNA); therefore all additions were based on nucleic acid 
content. 

In the experiments presented in Fig. 2 the embryo “nucleic 
acid” was included in the homogenization medium; it is apparent 
that the survival of the incorporating system was actually ex- 
tended as well as improved initially. The susceptibility of the 
incorporating system to preparation of the homogenate in hypo- 
tonic medium is also demonstrated in this figure. These data 
indicate that the amino acid incorporation system in chick fibro- 
blast homogenates is similar in many respects to that of disrupted 
mammalian cells. 

Incorporation of Leucine-C™ into Virus-Specific Protein in Vitro 
—To demonstrate that the labeling of the viral S-antigen could 
be continued in vitro, homogenates of cells infected for 24 hours 
with fowl plague virus were prepared and incubated with uni- 
formly labeled leucine-C"™ in the incorporation system described 
above. The labeled S-antigen was isolated with aid of carrier 


Vol. 235, No. 3 


as described above. Tables II and III present the results of 
characteristic experiments. 

It is demonstrated by the control studies that homogenates of 
uninfected cells incorporated radioactivity into normal cell pro- 
teins, but did not incorporate significant radioactivity into S- 
antigen of the immune precipitate. The addition of purified 
S-antigen during the active labeling of the normal cell proteins 
also did not give rise to labeling of the specific precipitates. Ac- 
cordingly, a nonspecific acylation of existing proteins in the in- 
corporation system was excluded and the specificity of the anti- 
serum was established. 

Attempts to induce the synthesis of S-antigen in the incorpora- 
tion system from noninfected cells by the addition of nucleic acids 
extracted with phenol or by the nucleoprotein fraction from the 
Arcton extraction (14) of fibroblasts infected with fowl plague 
virus were unsuccessful. Similarly, the addition of viable fowl 
plague virus in amounts comparable to that present in the in- 
fected homogenates or in large excess did not give rise to the 
labeling of S-antigen in the control homogenate incorporation 
system. 

When the homogenate of infected cells was used, a highly signifi- 
cant labeling of the S-antigen was observed. This was depressed 
by omission of the ATP-generating system or the “phenol ex- 
tract.”” In addition, the incorporation was partially sensitive to 
RNase. The dependence of the S-antigen labeling on the pres- 
ence of cofactors is better demonstrated in Experiment A of Table 
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Fic. 2. Effect of homogenization medium on the incorporation 
ability of fibroblast homogenates. The volume of the reaction 
mixture as described under ‘‘Methods’’ was 1.0ml. Homogenates 
were prepared in hypotonic, isotonic, or isotonic medium plus 
‘‘phenol extract’’ (P.E.) containing 2.8 mg of embryo nucleic acid 
per ml of final homogenate. All incorporation studies were car- 
ried out in reaction mixtures containing ‘“‘phenol extract’ at a 
concentration of 700 ug of embryo nucleic acid per ml. The spe- 
cific activity of pL-leucine-1-C'* was 2.25 ue per wmole. Data 

are expressed as counts per minute (c.p.m.) per mg of protein. 
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III where the need for exogenous cofactors was accentuated by 
carrying out the incorporation in a hypotonic medium. 

Fractionation Studies—Preliminary attempts were made to 
ascertain the particulate nature of the viral protein synthesizing 
system. Centrifugation of the homogenates for 5 minutes at 
2000 r.p.m. (approximately 755 x g) resulted in the sedimenta- 
tion of the few remaining cells in the homogenate and virtually 
all of the nuclei (less than 3 nuclei per high powered field re- 
mained). The supernatant phase still contained from 30 to 90% 
of S-antigen labeling activity of the whole homogenate. The 
highest amount of the S-afitigen labeling activity was obtained 
in the supernatant fraction when the homogenates were prepared 
in hypotonic medium. However, as shown in Fig. 2, the hypo- 
tonic homogenates did not incorporate leucine as well as those 
prepared in isotonic media. In several of such cases it was ob- 
served that the combination of the supernatant fraction with the 
whole homogenate of the control cells resulted in a restoration 
of the S-antigen labeling system (Table ITI). 

Further attempts to fractionate the supernatant phase were 
complicated by instability of the S-antigen labeling system. The 
supernatant lost from 50 to 90% of its ability to incorporate 
leucine-C into S-antigen after standing at 0° for 30 minutes. In 
contrast, the labeling of normal cell proteins was relatively stable. 

It was also observed that the S-antigen labeling activity was 
more stable in whole homogenates and could also be stabilized 


TABLE II 


Incorporation of leucitne-C'4 into virus protein 
by homogenates of infected fibroblasts 


Homogenate Additions | 
A | Control None 161 
Infected None 398 189 
Infected Minus ATP, creatine phos- | 153 95 
phate, and creatine trans- 
phosphorylase 
B | Control None 150 3 
Control Plus S-antigen 151 5 
Control Plus fibroblast nucleic acid | 152 3 
Infected None 307 130 
Infected Minus ATP, creatine phos- | 234 83 
phate, and_ creatine 
transphosphorylase 
Infected Minus ‘‘phenol extract”’ 214 68 
Infected Minus ‘“‘phenol extract’? | 107 39 
and plus 10 wg RNase 


The incorporation system was described under ‘‘Methods.’’ 
The reaction volumes were 20 ml in Experiment A and 10 ml in 
Experiment B. The incubation time was 60 minutes. The S- 
antigen isolations were carried out on 15-ml (Experiment A) and 
7.5-ml (Experiment B) aliquots of the aqueous phase from the 
reaction mixture after the ether treatment as under ‘‘Methods.’’ 
The fibroblast ‘‘nucleic acid fraction’’ (700 ug per ml of reaction 
volume) was prepared by phenol extraction of fibroblasts which 
had been infected for 2} hours with fowl plague virus. All ho- 
mogenates were prepared in isotonic medium. Infected cells 


were homogenized 23 hours after infection with fowl plague virus. 
Data are expressed as c.p.m. per mg of cell protein residue or spe- 
cific precipitate. 

8.78 we per umole. 


The specific activity of L-leucine-R-C™ was 
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TaBLeE III 
Incorporation of leucine-C'4 into virus protein 
Homogenate Tota) 
Additions protein |S-antigen 
Control |Infected 
A + None 79 3 
+ : S-antigen 78 2 
+ | None 132 28 
+ | Minus ATP, creatine 23 5 
phosphate, and creatine 
transphosphorylase 
+ | Plus 100 pg RNase 44 14 
B + None 1040 42 
++ None 137 54 
+ + None 656 169 
Plus infected supernatant 770 155 


In Experiment A, homogenates were prepared from control and 
fowl plague infected fibroblasts (3 hour postinfection) by homog- 
enization in isotonic medium for 3 minutes. The incorporation 
of leucine was studied over a 60-minute period in a 10-ml reaction 
volume as described under ‘‘Methods’”’ with the exception that 
the sucrose concentration was reduced to 0.062 m. 

In Experiment B, the control tissue homogenate was prepared 
in isotonic medium with 14 minutes of homogenization; the in- 
fected homogenate was prepared in hypotonic medium with 3 min- 
utes of homogenization; the reaction mixtures as described under 
“Methods”? were adjusted to 0.25 m sucrose before the incor- 
poration study. The infected supernatant was the supernatant 
fraction after sedimentation of infected homogenate at 2000 r.p.m. 
(approximately 750 X g) for 5 minutes. Specific precipitations 
in both experiments were performed on 7.5 ml of aqueous phase 
of reaction mixture after ether treatment as under ‘‘Methods.”’ 
Data are expressed as c.p.m. per mg of cell protein residue or 
specific precipitate. The specific activity of L-leucine-R-C' was 
8.78 ue per umole. 


in the supernatant fraction if the homogenization was carried 
out in the presence of the ‘‘phenol extract” of chick embryo con- 
taining 2.45 mg of RNA perml. The high viscosity of this prep- 
aration, however, did not permit the ready sedimentation of the 
activity; centrifugation for 60 minutes at (95,000 x g) yielded 
only 10% of the activity in the pellet. Attempts are in progress 
to purify the stabilizing principle in the “phenol extract”’ so as 
to permit further characterization of the information containing 


unit for the labeling in vitro of S-antigen. 


Appearance of S-Antigen Labeling System—In the experiment 
presented in Fig. 3 cells which had been infected for varying pe- 
riods of time were assayed in the homogenate system for ability 
to label the S-antigen. It is shown that the S-antigen labeling 
activity was first demonstrable after 2 hours of virus infection. 
This delay in appearance is in accord with the observations made 
previously by the fluorescent antibody technique (3, 4) and the 
complement fixation (15). It was surprising, however, that 
once initiated the maximal activity was attained in the next hour 
and thereupon declined gradually over the remainder of the virus 
growth cycle, during which time (beginning at the 4th hour) 
virus maturation actually occurs. At the peak incorporation 
level (3rd hour) approximately 5% of the total incorporation of 
leucine into protein could be accounted for in the S-antigen-anti- 
body precipitate. 
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HOURS OF INFECTION 


Fic. 3. The appearance of the S-antigen synthesizing activity 
in fowl plague-infected fibroblasts. Fibroblasts were infected 
with virus for specified times; homogenates were prepared in iso- 
tonic medium and assayed for ability to incorporate leucine-C' 
into S-antigen as described under ‘‘Methods.’”’ Reaction volume 
was 10 ml. Incubation time was 60 minutes. The S-antigen- 
antibody precipitation was performed on 5.0-ml aliquots of aque- 
ous phase after ether treatment of reaction mixture as un- 
der ‘“‘Methods.’’ Data are expressed as counts per minute (c.p.m.) 
per mg of protein in the specific precipitate. The specific activity 
of u-leucine-R-C' was 8.78 ue per umole. 


C.P-M./mgm SPECIFIC PRECIPITATE 


/ DISCUSSION 


It has been demonstrated in these experiments that once the 
synthesis of the S-antigen protein has been induced, the incor- 
poration of C*-leucine into this viral material can be continued 
in disrupted cell preparations. In these experiments the incor- 
poration of leucine-C"™ into this protein has been viewed as meas- 
ure of S-antigen synthesis 2n vitro. It now becomes important 
to ascertain the nature and subcellular origin of the information- 
containing unit for this specific synthesis. Previous experiments 
of Breitenfeld and Schafer (3) have suggested that the nucleus 
of the infected fibroblast is the site of S-antigen synthesis since 
the fluorescent antibody technique revealed an early accumula- 
tion of the S-antigen in the nuclei. This observation was also 
repeated in chicken macrophages by Franklin (4). However, 
in the present study a significant portion of the S-antigen labeling 
activity could be recovered in the supernatant after sedimenta- 
tion of the nuclear fraction. Thus, the possibilities exist that 
the actual synthesis is extranuclear or that the S-antigen synthe- 
sizing system was extracted from the nuclei; possibly it is made 
in both sites. The greater lability of the S-antigen labeling as 
compared to the general cell protein labeling on standing in the 
cold suggests that certain aspects of S-antigen synthesis are differ- 
ent from the usual cytoplasmic labeling system and in accord 
with the second possibility. However further experiments are 
required to elucidate this situation. 

The observation that 2 hours elapsed before the S-antigen 
labeling activity could be demonstrated suggests that certain 
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antecedent processes have to be consummated in preparation 
for the synthesis of this protein. Since the latter is a virus- 
specific protein it seems possible that a portion of this eclipse 
phase is concerned with the synthesis of specific nucleic acid 
templates for this process. In this connection, the abrupt rise 
in S-antigen labeling activity between the 2nd and 3rd hours of 
virus infection might indicate a rapid release or activation of 
such templates. Further experiments on the biochemical dissec- 
tion of this phenomenon in subcellular preparations are contem- 
plated. 

Since the S-antigen of the cell and the G-antigen of the mature 
virus particle are normally associated with ribonucleic acid it will 
be of interest to ascertain what role this nucleic acid plays in the 
synthesis of the S-antigen protein. It would not be surprising 
to find that the template nucleic acid involved in the S-antigen 
synthesis and the nucleic acid of the virus nucleoprotein are 
separate and distinct entities. Further investigations in this 
area should produce some insight to the mechanisms by which 
information contained in the infecting virus particle is translated 
into the synthesis of specific viral subunits. 


SUMMARY 


The incorporation of leucine-C™ into the virus-specific S-anti- 
gen was studied in homogenates of chick embryo cells infected 
with fowl plague virus. Optimal labeling was dependent on the 
addition of an adenosine triphosphate-generating system, mag- 
nesium ions, a phenol extract of normal chick embryo, and iso- 
tonicity of the system; a partial sensitivity to ribonuclease was 
also observed. 

The S-antigen labeling activity was not demonstrable until 2 
hours after the infection; peak activity was achieved rapidly by 
the 3rd hour of infection. The relationship of the S-antigen 
labeling studies to the synthesis of fowl] plague virus subunits is 
discussed. 
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A considerable number of intracellular animal proteases have 
been described (1, 2). Many of the enzymes studied exhibit pH 
optima in the acid range, whereas some show optimal activity at 
or near neutrality. Relatively few of the cathepsins described to 
date show maximal activity in the alkaline pH range. One such 
protease, found in aqueous extracts of whole rat lung, exhibits a 
pH optimum at 8.4 for the hydrolysis of urea-denatured hemo- 
globin (3). Another enzyme, found in erythrocytes, attacks he- 
moglobin optimally at pH 8 (4). 

Smith (5) has reported that aqueous extracts of rat skeletal 
muscle show little or no proteolytic activity against the endoge- 
nous muscle proteins of the extract in a pH range of 4.0 to 8.0. 
In the studies reported in this paper, it will be shown that rat 
skeletal muscle homogenates do, in fact, contain a proteolytic 
enzyme which readily attacks the endogenous muscle proteins at 
an optimal pH of 8.5 to 9.0. A preliminary account of this work 
has already been published (6). 


EXPERIMENTAL 


Preparation of Homogenates—Adult Sprague-Dawley rats were 
killed by exsanguination. A homogenate of skeletal muscle from 
the hind limbs was prepared by the method of Snoke and Neu- 
rath (7). After being kept at 4° for about 18 hours, the muscle 
homogenate was filtered through two layers of surgical gauze to 
remove connective tissue. This preparation was used in all ex- 
periments. 

Assay of Autolytic Activity—One volume of muscle homogenate 
was mixed in an ice bath with 2 volumes of either dilute hydro- 
chloric acid or potassium hydroxide of appropriate strength to 
achieve the pH desired in a given experiment. 


The reaction mixtures were preincubated at 37° for 5 minutes | 


to attain constant temperature. Then 2-ml aliquots, taken at 
zero time and after 1 hour of incubation, were pipetted into cen- 
trifuge tubes containing 5 ml of 5% trichloroacetic acid. The 
pH of the test systems, determined electrometrically before and 
after incubation, was found to vary less than 0.2 unit. After 
standing for 1 hour at room temperature, the trichloroacetic acid- 
treated mixtures were centrifuged and the clear supernatant solu- 
tions decanted and saved for analysis. The optical density of 


| 
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Rochester. 


the supernatant solutions was determined in a Beckman DU 
spectrophotometer at 280 my. Alternatively, acid-soluble pep- 
tides were measured after reaction of the supernatant solutions 
with the Folin-Ciocalteu reagent (8). 

Autolytic activity was expressed as the optical density of the 
complete system incubated for 1 hour minus that of the corre- 
sponding control at time zero. The analyses were always per- 
formed in duplicate. 

Assay of Proteolytic Actwity with Hemoglobin—A urea-dena- 
tured hemoglobin (Fisher Scientific Company) solution, used as 
substrate for the assay of proteolytic activity, was diluted to 
2.5%, as estimated by dry weight, and frozen until use. 

The procedure used for the determination of proteolytic ac- 
tivity was essentially that of Kunitz (9). To 5 ml of a 2.5% 
aqueous solution of urea-denatured hemoglobin, previously ad- 
justed to pH 9.0 with concentrated KOH, were added 5 ml of 
muscle homogenate and enough 0.1 m KOH to make the pH of 
the mixture 9.0. The final incubation mixture was diluted to 
15 ml with H.O. Appropriate control incubation systems were 
prepared in the same manner except that water was substituted 
for hemoglobin. Other control incubation systems contained 1 
volume each of hemoglobin, dilute base, and distilled water in 
place of the muscle homogenate. The reaction mixtures were 
preincubated at 37° for 5 minutes to attain constant temperature. 
Then 2-ml aliquots withdrawn from the reaction mixtures at the 
start and also after 1 hour of incubation, were pipetted into each 
of two test tubes containing 5.0 ml of 5% trichloroacetic acid. 
The final steps of the assay were carried out as described previ- 
ously for the determination of autolytic activity. 

Determination of a-Amino Nitrogen Released during Incubation 
of Muscle Homogenate—Skeletal muscle homogenate, 200 ml, was 
dialyzed with continuous agitation against two changes of 4 liters 
of 2% KCl at 4° for a total of 18 hours. The volume of the 
muscle homogenate did not change measurably during the course 
of the dialysis procedure. The dialyzed rat muscle homogenates, 
which were used in all subsequent experiments, contained 20 to 
30 mg of protein per ml as determined by the method of Lowry 
et al. (10). 

Dialyzed muscle homogenate, 25 ml, was adjusted to pH 9.0 
with 0.1 m KOH and diluted to 50 ml with H.O. A second 25-ml 
portion of the homogenate was adjusted to pH 12.3 with 1 m 
KOH and allowed to stand at room temperature for 15 minutes; 
this aliquot was then adjusted to pH 9.3 with 1 m HCl and di- 
luted to 50 ml with H,O. 

Immediately thereafter, both test systems were incubated at 


665 


n 
if 
yf 
- 
d 
e 
is 
2 
y 
n 
is 


Proteolytic Activity of Skeletal Muscle. I 


666 

> 

c 

pH 


Fig. 1. Autolysis of rat skeletal muscle homogenate as a func- 
tion of pH. Optical density was measured either at 280 muy, 
@——@, or at 700 mu, O——O, (Folin-Ciocalteu color). pH was 
adjusted by the addition of dilute hydrochloric acid or potassium 
hydroxide. 
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Fic. 2. The optical density increment as a function of wave 
length. Skeletal muscle homogenate was adjusted to pH 8.6 with 
dilute potassium hydroxide and incubated at 37° for 1 hour. The 
OD of the incubated sample minus the OD of the same sample at 
time zero is equal to the OD increment. 


37°. Aliquots of 0.5 ml were withdrawn from the incubation 
system at 0, 20, 40, and 60 minutes and mixed with 10-ml por- 
tions of 0.4% ZnSO, solution. After the addition of 2 ml of 0.1 
nN NaOH to each tube containing the mixture described above, 
the tubes were placed in a boiling water bath for 3 minutes. Af- 
ter cooling, the tubes were centrifuged and the resultant super- 
natants saved for analysis. Aliquots of 0.5 ml of supernatant 
were used for the determination of a-amino nitrogen by the nin- 
hydrin method (11). 
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Paper Chromatography of Alcohol-soluble Products of Autolysis— 
For the paper chromatographic studies, 1-ml aliquots of the pre- 
viously described incubation mixtures were withdrawn at 0, 15, 
30, 45, 60, and 90 minutes and mixed with 8 ml of 80% ethanol. 
The precipitate was removed by centrifugation, and 0.2-ml ali- 
quots of the alcoholic supernatant solutions were spotted on 
Whatman No. 1 paper (12 x 44 cm). The papers were chro- 
matographed in an n-butanol-acetic acid-water (4:1:1, by vol- 
ume) solvent system for 18 hours. After drying, the papers were 
sprayed with 0.5% ethanolic solution of ninhydrin and allowed 
to develop at room temperature. 

Temperature Coefficient of Reaction—A dialyzed muscle homog- 
enate, 60 ml, was carefully adjusted to pH 9.0 with 0.1 m KOH, 
Then 50 ml of this preparation were mixed with an equal volume 
of 0.05 m borate buffer, pH 9.0. Four aliquots were incubated 
at 32°, 37°, 42°, and 47°, respectively. The pH of the incuba- 
tion mixtures did not fall more than 0.1 unit after 40 minutes’ 
incubation. After 0, 10, 20, 30, and 40 minutes of incubation, 
2-ml aliquots were removed from the test systems and mixed 
with 5 ml of 5% trichloroacetic acid solution. After standing at 
room temperature for 1 hour, the precipitates were removed by 
centrifugation and the optical density of the supernatant solu- 
tions was determined at 280 mu. 


RESULTS AND DISCUSSION 


Effect of pH of Incubation Mixture on Release of Substances 
Absorbing at 280 mu and at 700 mp after Reaction with Folin- 
Ciocalteu Reagent—Fig. 1 shows the effect of pH on the autolysis 
of a crude skeletal muscle homogenate. The ordinate represents 
the increase in optical density at 280 my or 700 my for an incu- 
bation time of 1 hour. It is clear that the muscle preparation 
exhibited maximal autolysis at pH 3.5 to 4.0 and at pH 8.5 to 
9.0. The small amount of activity observed as having been re- 
leased in the acid range was probably related to the muscle en- 
zyme or enzymes which attack hemoglobin, as will be shown in a 
subsequent communication.! The relatively large amount of 
autolysis in the alkaline range with a pH optimum of 8.5 to 9.0 
was quite unexpected in view of the results of Smith (5). 

The finding that the optical density increments measured at 
280 and 700 muy increased in parallel in the alkaline range is evi- 
dence that acid-soluble substances containing tyrosine and tryp- 
tophane are liberated during the incubation of skeletal muscle 
homogenates. Presumably the release of these substances at 
pH 9.0 was due to the action of proteases on the endogenous 
proteins of the skeletal muscle homogenate. It is unlikely that 
the release of the chromogenic substances was a result of non- 
enzymatic chemical hydrolysis of proteins by alkali, since the 
reaction exhibited a true pH optimum and was almost completely 
and irreversibly inhibited in either strongly acidic or basic solu- 
tion. 

In another experiment, a muscle homogenate was extensively 
dialyzed against 2% KCl in order to remove small molecular 
weight compounds, ¢.g. peptides containing aromatic amino acids 
which might serve as substrates for peptidases or other muscle 
enzymes. The pH-dependence curve for the autolysis of the 
dialyzed muscle homogenate was similar to that for the undia- 
lyzed homogenate. Furthermore, the “autolytic activity” of a 
dialyzed muscle preparation incubated at pH 8.7 was, by ultra- 
violet method, 92% of, or, by Folin-Ciocalteu method, equal to 


1T. R. Koszalka, unpublished observations. 
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thai of an undialyzed preparation. These findings are compati- 
ble with the hypothesis that high molecular weight nondialyzable 
substances serve as substrates for the observed reaction. Heat- 
ing the dialyzed muscle homogenate at 70° for 10 minutes or 
trenting it with strong acid or base destroyed nearly all of the 
autolytic activity at pH 9.0 as measured by both methods of 
analysis, an observation which lends support to the view that 
the reaction is enzymatic in nature. 

Nature of 280 mp Absorbing Materials—The optical density 
increment has been plotted as a function of wave length (Fig. 2) 
for a test system containing undialyzed muscle homogenate which 
has been incubated at pH 8.6 for 1 hour. The curve exhibits an 
absorption maximum at 275 mp. The optical density increment 
at 260 my is less than one-half of the value found at 275 my or 
at 280 mu. Since acid-soluble nucleic acid derivatives generally 
show absorption maxima near 260 my (12), these findings indi- 
cate that such purine- or pyrimidine-containing substances were 
not responsible for the “activity” as measured by the ultraviolet 
method of analysis. On the other hand, the data support the 
view that aromatic amino acids or their derivatives are liberated 
from muscle homogenates incubated at pH 8.5 to 9.0. It seems 
highly unlikely that the enzymatic hydrolysis of endogenous 
nucleic acids could contribute significantly to the apparent pro- 
teolytic activity, since rat skeletal muscle contains only 25 yg 
of RNA-phosphorus and 5 yg of DNA-phosphorus per 100 mg of 
fresh tissue (13). 

Release of a-Amino Nitrogen during Incubation of Dialyzed 
Muscle Homogenate at pH 9.0—If the reaction observed upon 
incubating a muscle homogenate at pH 9.0 is proteolytic in na- 
ture, then it should produce an increase in the number of titrat- 
able carboxyl and @-amino groups as a result of the splitting of 
peptide bonds. Consequently the a-amino nitrogen level of dia- 
lyzed muscle homogenates incubated at pH 9.0 was studied as a 
function of time of incubation. In addition, unidimensional 
paper chromatography was used to identify the ninhydrin-reac- 
tive products of the reaction. 

The results given in Fig. 3 show that incubation of a dialyzed 
muscle homogenate at pH 9.0 produced an increase in nonpro- 
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Fic. 3. The production of ninhydrin reactive substances by 
incubation of a dialyzed muscle homogenate at 37°, pH 9.0. Un- 
treated system, @; homogenate adjusted to pH 12.3 with 1 m 
KOH and then readjusted to pH 9.3 with 1 m HCI, O. 
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Fic. 4. Chromatogram of amino acids and peptides detected in 
the alcoholic supernatant obtained after treating with ethanol a 
dialyzed muscle homogenate incubated at 37°, pH 9.0. Incuba- 
tions were carried out for 0, 15, 30, 45, 60, and 90 minutes. 200-l 
aliquots of an ethanolic supernatant from the reaction mixture 
were spotted on paper. 


tein a@-amino nitrogen proportional to the time of incubation. 
In contrast, the alkali-“denatured” dialyzed muscle homogtnate 
incubated at pH 9.0 showed no increase in a-amino nitrogen, with 
time. These results are compatible with and lend support to 
the view that muscle homogenates undergo proteolysis when in- 
cubated at pH 9.0 at 37°.2. The finding that the exposure of the 
muscle homogenate to strong alkali completely inhibited the in- 
crease of a@-amino nitrogen upon incubation at pH 9.0 is further 
evidence that the reaction is of an enzymatic nature. 

The results of the paper chromatography experiments (Fig. 4) 
also attest to the proteolytic nature of the reaction. EExamina- 


? Assuming that the average molecular weight of proteins in 
muscle is 5 & 104, a calculation from the data in Fig. 3 reveals that 
approximately three peptide bonds are cleaved per hour per 
molecule of protein. This is a minimum estimate which would 
be increased by any factor restricting the proteolytic action to a 
particular protein fraction. | 
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Fic. 5. Effect of temperature on the rate of autolysis of a dia- 
lyzed muscle homogenate in 0.025 m sodium borate buffer, pH 
9.0. Optical density was measured at 280 mu. 


TABLE I 


Contribution of individual components of complete incubated system 
to observed increase in optical density measured at 280 mp 


Optical density 
Reaction mixture, 
pH 9.0 incubated at 37° 
Control 1 hr A 
Hemoglobin alone........... 0.100 0.100 0.000 
Muscle homogenate alone. . . 0.340 0.507 0.167 
Complete system*........... 0.428 0.596 0.168 


* The complete system was a mixture of 1 volume of muscle 
homogenate, 1 volume of 2.597 urea-denatured hemoglobin, and 1 
volume of dilute potassium hydroxide so that the final pH of the 
mixture was 9.0. 


tion of the chromatograms of incubation samples at the start of 
incubation revealed at least eleven weakly colored spots, which 
had Ry values ranging from 0.06 to 0.56. When the chromato- 
grams of the test systems which were incubated for 15, 30, 45, 
60, and 90 minutes were examined, no new ninhydrin reactive 
spots were seen but each one showed more intense coloration 
after incubation. 

Influence of Temperature on Rate of Reaction—Fig. 5 shows 
the progress curve of the reaction as a function of time at various 
temperatures as measured by the ultraviolet method. The initial 
reaction rate for each system was proportional to the slope of the 
best straight line drawn through the first four points on each 
curve (7.e. up to and including 30 minutes of incubation). When 
the initial reaction rates at 32° and 42° are compared, the tem- 
perature coefficient (Qi) of the reaction is found to be 1.85. 

The ratio of the initial velocity at 37° and 47° (Qi) is equal to 
2.0. The latter values calculated for the temperature coefficient 
of the reaction are entirely compatible with the enzymatic nature 
of the reaction under study. 
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Use of Urea-denatured Hemoglobin as Substrate for Assa.; of 
Muscle Proteolytic Activity—The data in Table I show that al- 
though there was no measurable nonenzymatic hydrolysis at pH 
9.0 in the control containing hemoglobin alone, there was a large 
significant increase in the optical density of trichloroacetic jcid 
supernatant solution of the control containing only muscle ho- 
mogenate. In fact, the optical density increment of the com- 
plete test system was equal to that of the second control. The 
indications are, therefore, that the addition of hemoglobin re- 
sulted in no further net increase in proteolysis, and that the 
endogenous muscle protein affords enough substrate to saturate 
the enzyme in the absence of hemoglobin. The finding that the 
autolytic reaction follows apparent zero order kinetics for at 
least 30 minutes at 37° is in accord with the latter assumption. 


SUMMARY 


Rat skeletal muscle homogenates prepared in 2% KCl and 
incubated at 37° exhibited minimal autolysis at pH 3.5 to 4.0. 
Maximal autolysis was observed at pH 8.5 to 9.0 as measured by 
the release of trichloroacetic acid-soluble substances which ab- 
sorb light at 280 mu. 

Several lines of evidence supported the view that the observed 
reaction at pH 8.5 to 9.0 is enzymatic and proteolytic in nature. 
This evidence includes (a) the ease of inactivation by heat, acid, 
and alkali; (6) a temperature coefficient of 1.85 to 2.0 for the 
reaction; (c) the spectral studies of the trichloroacetic acid-solu- 
ble substances released during the reaction and the effect of pH 
on the reaction; (d) the release of ninhydrin-reactive nitrogen 
during the reaction at pH 9.0; and (e) the failure of dialysis of 
muscle preparation to affect autolysis. 

The addition of denatured hemoglobin to the muscle prepara- 
tion did not enhance the activity observed at pH 9.0. This 
finding indicates that the native muscle protein affords enough 
substrate to saturate the enzyme when no hemoglobin is added. 
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In a previous publication (1), evidence was presented showing 
the existence in rat skeletal muscle of a proteolytic enzyme which 
attacks endogenous proteins of muscle optimally at pH 8.5 to 
9.0. In this communication, a description of the partial puri- 
fication of this enzyme will be given along with observations on 
some of its properties, 7.e. dependence of rate of proteolysis on 
pH, effect of metal ions and sulfhydryl agents, and action on syn- 
thetic substrates. 


EXPERIMENTAL 


Fractionation of Muscle Homogenate—A homogenate of rat 
skeletal muscle (100 ml of 2% KCl, per 20 g of tissue), prepared 
as described previously (1), was centrifuged in the cold at 10,000 
xX g for 10 minutes. The supernatant solution was collected and 
warmed to 25° with stirring in a water bath, the temperature of 
which was 30-35°. The pH of this preparation was found to be 
6.0 to 6.5. Enough solid (NH 4)2SO,4 was added slowly with 
stirring to a 500-ml portion of the supernatant to make a 40% 
saturated solution (2). The preparation was stirred for 10 min- 
utes after the addition of (NH,4)2SO,. After the mixture was 
centrifuged at room temperature, the precipitate was discarded 
and enough solid (NH4)25O,4 was added to the supernatant solu- 
tion to make a 50% saturated solution. The resultant precipi- 
tate, collected after centrifugation and dissolved in 40 ml of cold 
2% KCl, was dialyzed against 8 liters of 2% KCl at 4° for 18 
hours. This preparation, containing a small amount of fine white 
precipitate, was used as the source of enzyme for all experiments. 

Assay of Proteolytic Activity with Albumin as Substrate—Ali- 
quots of 1 ml of 0.2 m glycine buffer, pH 9.0, were added to each 
of four centrifuge tubes, two being used as controls and two as 
test systems. To each of the two test systems, was added 1 ml 
of a 9% solution of ‘‘native” serum albumin (Fraction V, Nu- 
tritional Biochemical Company) in a 0.1 Mm glycine buffer ad- 
justed to pH 9.0 with 1 m KOH, and to a fifth centrifuge tube were 
added 2.5 ml of the albumin solution. After all tubes were in- 
cubated for 5 minutes at 37°, 1 ml of enzyme solution was added 
to each of the four control and test systems with mixing. When 
the effect of “activators” or “inhibitors” on enzyme activity was 
studied, 1 volume of enzyme solution (6 to 8 mg of protein per 
ml) was mixed with 1 volume of the test solution, the molarity 
of which was 0.06 m, 0.006 m, or 0.0006 m. After the mixtures 


* Supported in part by the United States Atomic Energy Com- 
mission. The material presented here has been taken in part from 
a thesis by Thomas R. Koszalka, submitted in partial fulfillment 
of requirements for the degree of Doctor of Philosophy in Bio- 
chemistry in the Graduate School of the University of Rochester. 


were allowed to stand at room temperature for 10 minutes, 1-ml 
aliquots were added to the test systems. Exactly 20 minutes 
after the addition of the enzyme solution, 5 ml of 5% trichloro- 
acetic acid solution were added to the first four tubes. Aliquots 
of 1 ml of the 9% albumin solution incubating in the fifth tube 
were added to each of the control tubes. After being mixed and 
allowed to stand at room temperature for 1 hour, the tubes were 
centrifuged and the optical density of the supernatant solutions 
was determined at 280 mu. 

Proteolytic activity was expressed as the optical density of the 
complete test system minus that of the control after 20 minutes 
of incubation. 

Additional control tubes containing albumin, activator, and 
buffer without enzyme were incubated along with the usual test 
system when Fe(NH,)2(SO.)2 was used as an activator, because 
of the possibility of oxidation of ferrous ion to ferric ion which 
absorbs light at 280 mu. 

In order to determine the pH-dependence curve for the pro- 
teolytic reaction, the assay method was modified in the following 
manner. Eight milliliters of a 4% albumin solution in 0.1 m 
glycine buffer, pH 9.0, were adjusted to the desired pH, 8.5 to 
10.0, by the addition of either 1.0 m HCI or 1.0 m KOH, and the 
solution was diluted to 8.5 ml with water. Of the partially puri- 
fied enzyme, 2 ml were added to the mixture after preincubation 
for 5 minutes at 37°. Aliquots of 2 ml, withdrawn at time zero 
and 20 minutes later, were each mixed with 5-ml portions of 5% 
trichloroacetic acid solution. After centrifugation, the optical 
density of the supernatant solutions was determined at 280 mu. 
Proteolytic activity was expressed as the increase in optical den- 
sity of the complete system after 20 minutes of incubation. The 
pH of the enzyme incubation systems was determined electro- 


‘metrically at the end of the incubation period. 


Similar incubation mixtures were prepared with a 4% albumin 
solution in 0.12 m tris(hydroxymethyl)aminomethane buffer. 
In this case, the desired pH, 8.0 to 9.0, was obtained by the ad- 
dition of 1 m HCl to the incubation mixtures. 

Assay of Autolytic Activity—To 1 ml of dialyzed muscle homog- 
enate were added 1.0 ml of 0.2 m glycine buffer, pH 9.0, and 1.0 
ml of water, and the mixture was incubated for 20 minutes at 37°. 
After the addition of 5 ml of 5% trichloroacetic acid solution, 
the samples were centrifuged and the optical density of the clear 
supernatants was determined at 280 mu. Nonincubated samples 
prepared in the same manner served as controls. Autolytic ac- 
tivity was expressed as the optical density of the incubated sys- 
tem minus that of the nonincubated control. 

It has been observed (1) that the enzyme responsible for au- 
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TABLE I descending paper chromatography was carried out in butanol- 

Purification of muscle enzyme acetic acid-water (4:1:5) with the use of the organic layer as sol- 

ee vent. For this system, after drying in air at room tempera- 

Reaction mixture containing increase | Specific |p igcation tures the chromatograms were sprayed with 0.5% solution of 

ninhydrin in 95% alcohol in order to detect tyrosine, the expected 

product of hydrolysis. When N-acetyl-L-tyrosine ethyl ester was 

Muscle homogenate (dialyzed)..... 0.088 | 0.00324 | 1X _ used as substrate, the papers were chromatographed in butanol- 

Muscle homogenate + purified en- ethanol-water (4:1:5). Chromatograms were sprayed with the 

0.252 Pauly reagent (3) in order to detect both N-acetyl-L-tyrosine 
Purified 0.164 0.0316 10 X and the undegraded ester. 

Purified enzyme (autodigestion)...| 0.002 When benzoyl-L-arginine methy] ester hydrochloride was used 


* Specific activity was defined as AOD at 280 myz/20 min/mg of 
protein. 
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Fic. 1. Activity of purified muscle proteinase as a function of 
enzyme concentration at pH 9.0 with 3% serum albumin in 0.1 m 
glycine buffer. The ordinate shows the increase in optical density 
at 280 my per 20 minutes of incubation. 


tolysis (t.e. proteolysis) in homogenates of skeletal muscle at pH 
9.0 is saturated with its natural substrate, the muscle protein. 
Therefore it was necessary to measure the proteolytic activity of 
the purified muscle fraction by determining the increase in the 
rate of autolysis of a dialyzed muscle homogenate after addition 
of the purified muscle fraction. In the actual experiment, the 
proteolytic activity of the partially purified enzyme was deter- 
mined by substituting 1.0 ml of this preparation for 1.0 ml of 
water in the complete incubation system described above. The 
proteolytic activity of the purified muscle fraction was equal to 
the total activity of the mixture containing both the purified 
enzyme and the muscle homogenate minus the activity of the 
homogenate alone. 

Hydrolysis of Synthetic Substrates by Partially Purified Muscle 
Enzyme—The muscle enzyme was incubated with 0.01 m sub- 
strate in 0.05 m glycine buffer, pH 9.0 at 37°. Aliquots of 15 wl 
of the incubation system were subjected to one-dimensional de- 
scending paper chromatography at various time intervals. 
When carbobenzoxy-t-glutamy]-L-tyrosine was used as substrate, 


as substrate, paper chromatography was carried out in butanol- 
pyridine-water (4:5:1). Benzoyl-L-arginine and the undegraded 
ester were detected by spraying with the Sakaguchi reagent (3). 
This reagent was also used to detect benzoyl-L-argininamide 
when it was used as substrate. In this case, paper chromatog- 
raphy was carried out in formic acid-butanol-water (15:75:10) 
according to the method of Fujii et al. (4). 


RESULTS 


Purvfication of Muscle Enzyme—As has been shown (1), the 
native proteins of muscle homogenates are readily attacked by 
the alkaline enzyme, and the addition of urea-denatured hemo- 
globin to the system causes no further increase in the rate of pro- 
teolysis. In view of this fact, it was felt that the degree of puri- 
fication of the enzyme achieved by the (NH,4)2SOx, fractionation 
method could be calculated initially from the rate of autolysis of 
dialyzed muscle homogenate at pH 9.0. The specific, autolytic, 
activity of the dialyzed muscle homogenate was defined as AOD 
280 my per 20 minutes per mg of protein and in this experiment 
was found to be 0.00324 (Table I). When the purified enzyme 
was added to the dialyzed homogenate, the autolytic rate was 
enhanced. The specific activity of the purified enzyme was cal- 
culated from the increase in autolysis due to the presence of the 
purified enzyme in the complete incubation mixture. In this 
case the specific activity (AOD per 20 minutes per mg of protein) 
of the purified enzyme was 0.0316. These values indicate 
that approximately a 10-fold purification of the enzyme had 
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Fig. 2. The hydrolysis of 3% serum albumin by purified muscle 
proteinase as a function of pH. The buffers were 0.09 m tris(hy- 
droxymethyl)aminomethane below pH 9.1, @——®@, and 0.08 m 
glycine above pH 8.5, O——O. The ordinate shows the increase 
in optical density at 280 my per 20 minutes of incubation. 
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been achieved by selective precipitation of muscle homogenate 
with (NH4)2SO.4. When assayed at its optimal pH, 7.5, with 
albumin as substrate, trypsin was 80 times as active as the par- 
tially purified muscle enzyme at its respective optimum, pH 9.0. 
Trypsin content was based on weighing a known amount of crys- 
talline enzyme (Nutritional Biochemicals Corporation). 

Dependence of Actiwity on pH—When 3% serum albumin was 
used as substrate for the purified enzyme, it was found that en- 
zyme activity, expressed as the increment in optical density per 
20 minutes of incubation, was proportional to enzyme concen- 
tration over a 3- to 4-fold range of concentrations (Fig. 1). From 
the results of the experiment shown in Fig. 2, it is clear that the 
enzyme reaction exhibited a pH optimum of 8.5 to 9.0 with al- 
bumin as substrate in the presence of either glycine buffer 
or tris(hydroxymethyl)aminomethane buffer. This observation 
was consistent with the pH optimum found for the autolytic re- 
action occurring in crude and dialyzed muscle homogenates (1). 

Effect of Metal Ions on Activity—As shown in Table II, none 
of the metal ions except Fe++ produced significant activation in 
the concentration range studied. The effect at high concentra- 
tions of ferrous ion was not investigated thoroughly because 
ferric ion interfered with absorption at 280 mu. It is noteworthy 
that almost all of the divalent cations, Ba++, Ca++, Mnt+, Mg*t+, 
and Zn*+, inhibited proteolytic activity at concentrations greater 
than 0.001. These results were qualitatively similar to the ob- 
served effects of various ions on the autolysis of dialyzed muscle 
homogenate at pH 9.0.1 

Effect of Sulfhydryl Compounds—The effect of glutathione, 
cysteine, sodium p-chloromercuribenzoate, and iodoacetic acid 
on the enzyme-catalyzed hydrolysis of albumin was studied at 
pH 9.0. The procedure was similar to that used in the previous 
experiment, except that stock solutions of the reagents were ad- 
justed to pH 6 to 7 with 1 m KOH before being added to the 
enzyme. 

The results shown in Table III indicate that the addition of 
either cysteine or glutathione, final concentration, 0.001 m, caused 
a 20% increase in the rate of proteolysis, whereas iodoacetate 
and p-chloromercuribenzoate, 0.001 M, caused a 5% and 87% in- 
hibition, respectively. The inhibition caused by 0.0001 m p- 
chloromercuribenzoate was counteracted by 0.001 m cysteine to 
the extent that 66% of the control enzyme activity remained. 

Action on Synthetic Substrates—No significant enzymatic hy- 
drolysis of carbobenzoxy-L-glutamyl-L-tyrosine, benzoyl-L-ar- 
gininamide, or benzoyl-L-arginine methyl ester could be detected 
upon incubation of the enzyme with each of the various substrates 
at pH 9.0. However, the enzymatic hydrolysis of N-acetyl-.- 


tyrosine ethyl ester was demonstrated by the paper chromato-’ 


graphic assay method as indicated by the appearance of the 
orange spot of N-acetyl-L-tyrosine with an Rp of 0.22 after spray- 
ing with the Pauly reagent. The Rr of the undegraded N-acyl- 
ated amino acid ester was 0.90. The chromatograms of the 
control system which contained substrate and glycine buffer 
showed that only a small amount of nonenzymatic hydrolysis of 
N-acetyl-L-tyrosine ethyl ester occurred upon incubation at pH 
9.0. 

When the partially purified enzyme was incubated with sub- 
strate at a pH of 6.0, 7.0, or 8.0, it was found that considerable 
enzymatic hydrolysis of N-acetyl-L-tyrosine ethyl ester occurred. 
It appeared from these results that the pH optimum for the 


T. R. Koszalka, unpublished observations. 
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TaBLeE II 
Influence of metal ions on proteolytic activity 
of purified muscle enzyme 


The enzyme was preincubated with the salt at pH 6.0 to 7.0 at 
room temperature for 10 minutes before assay. 


Activator or inhibitor Proteolytic activity as % of control 
1X 102M 1X Mu 1X 10-4 
CoCl, 9 62 104 
MgSO, 24 104 105 
MnSO, 33 61 92 
Zn(Ac):e 67 82 86 
BaCl. 6 83 100 
CaCl. 15 97 100 
Fe (NH,)2(SO4)2 177 115 
Versene 0 16 
TABLE III 


Influence of —SH reagents on proteolytic activity 
of purified muscle enzyme 
The enzyme was preincubated with the additive at pH 6.0 to 
7.0 at room temperature for 10 minutes before assay. 


Activator or inhibitor Proteolytic activity as % of control 
1X 10-4 u 1X 10-4 

Glutathione. ................. 120 104 
p-Chloromercuribenzoate..... 13 
p-Chloromercuribenzoate + 

0.001 mM cysteine............ 66 
Iodoacetate.................. 95 


hydrolysis of proteins was not the same as that for the hydrolysis 
of N-acetyl-L-tyrosine ethyl] ester. 


DISCUSSION 


As far as skeletal muscle is concerned, enzymes in beef and 
rabbit muscle have been described (5, 6) which are optimally 
active toward protein substrates at or near pH 4.0. Although 
no activators or inhibitors were found for the beef muscle enzyme, 
the rabbit muscle enzyme was activated by Fet++; however, it 
was not affected by sulfhydryl compounds or other reducing 
agents. A previously reported study (7) of the proteolytic activ- 
ity of aqueous extracts of rat muscle at pH values of from 4.0 to 
8.0 has yielded negative results. 

In our study, a proteolytic enzyme in rat skeletal muscle which 
attacks the endogenous muscle proteins optimally at pH 8.5 to 
9.0 has been purified 10-fold by fractionation of the soluble mus- 
cle proteins with (NH,4)2SO,. This enzyme is able to hydrolyze 
serum albumin, casein, and hemoglobin optimally at pH 8.5 to 
9.0. When the effect of various ions, Mg++, Mn++, Ca++, and 
Zn*++, on the enzymatic hydrolysis of serum albumin was studied 
at pH 9.0, it was found that most of the ions were inhibitory at 
concentrations of 0.001 mM or greater. Since the effect was 
quite general, it appeared that enzymatic activity may be de- 
pendent on ionic strength. But it is possible that the inhibition 
caused by divalent cations at pH 9.0 is related, at least in part, 
to the formation of insoluble hydroxides which interact with the 
protein substrate and thus interfere with the proteolytic reaction. 

The magnitude of the activation by Fe++ at 0.001 m is ques- 
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tionable because of the large error encountered in the assay of 
enzyme activity in the presence of this ion. 

Since 0.001 m cysteine or glutathione produced a 20% increase 
in the proteolytic rate and since 0.0001 m p-chloromercuriben- 
zoate produced an 86% inhibition of proteolysis, the pH 9.0 ac- 
tivity is probably dependent on the integrity of the sulfhydryl 
groups of the enzyme. The observation that cysteine reduced 
the inhibition caused by p-chloromercuribenzoate supports this 
assumption. Iodoacetate did not produce the expected inhibi- 
tion; however, it has been observed (8) that this reagent gives 
variable results with many known —SH enzymes. 

Studies carried out with synthetic substrates such as N-acetyl- 
L-tyrosine ethyl ester, benzoyl-L-argininamide, benzoyl-L-arginine 
methyl ester, and carbobenzoxy-L-glutamyl-L-tyrosine indicate 
that only N-acetyl-L-tyrosine ethyl ester is hydrolyzed appreci- 
ably by the partially purified enzyme at pH 9.0. The ester 
differed from albumin as a substrate for the reaction in that sig- 
nificant enzyme-catalyzed hydrolysis of N-acetyl-L-tyrosine ethyl 
ester could still be detected at pH 6 to 8, whereas albumin was 
not attacked significantly in this pH range. 

Dannenberg and Smith (9) have described an enzyme in rat 
lung which catalyzes the hydrolysis of N-acetyl-L-tyrosine ethyl 
ester most rapidly at pH 7.0 to 7.5. They believed that the en- 
zyme present in rat lung which attacks hemoglobin optimally at 
pH 8.4 is different from the esterase, since the two activities are 
not affected in the same way by various inhibitors. As far as 
skeletal muscle is concerned, there is insufficient information at 
the present time to decide whether or not the same enzyme is 
responsible for the hydrolysis of both N-acetyl-t-tyrosine ethyl 
ester and albumin. 
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SUMMARY 


A proteolytic enzyme present in rat skeletal muscle which is 
optimally active at pH 8.5 to 9.0 with albumin or muscle protein 
as substrate has been purified approximately 10-fold. The mus- 
cle enzyme is activated by cysteine and glutathione and inhibited 
by p-chloromercuribenzoate but not by iodoacetate. Cysteine 
partially reverses the inhibition caused by p-chloromercuriben- 
zoate. At concentrations of 0.001 m or greater, the proteolytic 
reaction is inhibited by the presence of Mg++, Mnt+, Ca++, and 
Zn**, and is enhanced by Fe++. At pH 6.0 to 9.0, the enzyme 
preparation hydrolyzes N-acetyl-t-tyrosine ethyl ester but not 
benzoyl-L-argininamide, or 
benzoyl-L-arginine methy] ester. 
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Utilization of Phosphorus for Casein Biosynthesis 
in the Mammary Gland* 


I. INCORPORATION IN VIVO OF P® INTO PHOSPHOPROTEIN OF 
MILK AND OF MAMMARY GLAND 
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From the University Biochemical Laboratory, Madras 25, India 
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It is now well established that the synthesis of the major 
protein constituents of milk takes place exclusively in the mam- 
mary gland, utilizing as building materials the free amino acids 
of the blood (1). The research of Aten and Hevesy (2), con- 
firmed subsequently by other workers (3, 4), leaves little room 
for doubt that the precursor of the casein phosphorus is the 
inorganic phosphorus of the blood. The rapid rate at which 
phosphorus incorporation into casein is effected has been noticed 
by several workers. The specific activity of casein phosphorus 
reaches a maximum 3 hours after intravenous injection of labeled 
phosphorus to the lactating animal (5) and is generally much 
higher than the activities in hexose monophosphate and _ phos- 
pholipid (2). These experiments do not, however, exclude the 
possibility that the casein owes its high activity to phospho- 
protein enzymes possessing high rates of phosphorus turnover, 
which may be present as contaminants in the preparation. In 
view of recent findings on the phosphoprotein nature of various 
enzymes involved in phosphate transfer (6-9) a detailed charac- 
terization of casein with reference to the nature of its phosphorus 
appears desirable. <A study of this aspect and a characterization 
of the phosphoprotein of mammary gland with a view to estab- 
lishing its relationship with casein have been undertaken in the 
present investigation. It was also considered of interest to com- 
pare the specific activity of casein phosphorus with that in liver 
phosphoprotein since the latter has been shown to exhibit phos- 
phorus turnover at a remarkably high rate (10-12). 


EXPERIMENTAL 
Materials 
The experimental animals employed in these studies were 
lactating rabbits, about 20 to 25 days after parturition. 
P_labeled orthophosphate (NazHPO,) was purchased from 


Radio Chemical Centre, Amersham, England, as a solution in 
0.9% sodium chloride at pH 7.0. 


* The material in this paper was taken in part from the Ph.D. 
thesis submitted by K. S. V. Sampath Kumar to the University 
of Madras, in January 1958. 

+t Postdoctoral National Research Fellow, Ministry of Educa- 
tion, Government of India. Present address, Biology Division, 
California Institute of Technology, Pasadena, California. 

{t Present address, Biochemistry Department, University of 
Toronto, Toronto, Canada. 

§ Present address, Biochemistry Department, Indian Institute 
of Science, Bangalore 12, India. 


P-serine! was a generous gift from California Foundation for 
Biochemical Research. 

Pepsin (twice crystallized) and acid phosphatase (wheat germ) 
were obtained from Worthington Biochemical Corporation. 
The phosphatase preparation has no action on phosphodiester 
substrates (13). Yeast pyrophosphatase (twice crystallized) 
was a generous gift of Dr. M. Kunitz. ‘‘Phosphoprotein phos- 
phatase” was prepared from rat spleen (14). This enzyme was 
free from diesterase activity as tested with diphenyl phosphate 
as substrate (15). Snake venom diesterase was prepared accord- 
ing to Sinsheimer and Koerner (16). The preparation was 
carried through the second acetone cycle. The enzyme prepara- 
tion, 0.1 ml, caused complete hydrolysis of Cal|bis(p-nitropheny]) 
phosphate], under the assay conditions of Sinsheimer and Koerner. 


Methods 


Fractionation of Phosphorus Compounds of Tissues—The lac- 
tating rabbit was given an intraperitoneal injection of radio- 
active phosphorus (1 ue per g body weight) and was kept sepa- 
rated from the litters. The animal was killed after a time 
interval of 2 to 3 hours by a blow on the head and the liver and 
mammary glands (along with adhering milk) were dissected out 
and placed in beakers containing ice-cold 0.9% sodium chloride 
solution (100 ml). All subsequent operations were carried out 
at 0—4° unless otherwise specified. The mammary glands were 
cut into large bits to facilitate removal of milk. After a gentle 
swirling, the milk was transferred to a conical flask. The mam- 
mary tissue was washed twice with small portions (20 ml) of 
sodium chloride solution and the washings added to the milk. 


’ The tissue was washed thrice more with sodium chloride solution 


and the washings were discarded. The tissue was blotted and 
kept at —25° for an hour. The frozen tissue was ground well 
in a mortar which had previously been kept in the deep freeze. 
This operation repeated thrice at intervals of 30 minutes resulted 
in an easier homogenization of the tissue. 

Weighed amounts (5 g) of the liver and mammary tissues were 
homogenized in 5 volumes of a 10% solution of trichloroacetic 
acid in a Potter-Elvehjem type of homogenizer for 2 minutes. 
The phosphorus-containing fractions of the homogenate were 
separated according to the scheme of Schmidt and Thannhauser 
(17) as modified by Friedkin and Lehninger (18). 

Preparation of Protein Fractions Insoluble at pH 4.6: From 


1 The abbreviation used is: P-serine, o-phosphoserine. 
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Milk—Milk sample obtained by washing the mammary glands 
with sodium chloride solution was centrifuged in the cold for 10 
minutes and the supernatant filtered through cotton-wool to 
remove fat. Casein was precipitated from the filtrate by adjust- 
ing the pH to 4.6 with dilute acid. The precipitate was separated 
by centrifugation and was washed with water. To remove any 
adsorbed labeled P;, the precipitate was dissolved with the 
minimum amount of ammonia and was dialyzed in cellophane 
sacs against several volumes of phosphate buffer of pH 7.0 
(0.1 m), followed by dialysis against several changes of distilled 
water. The dialyzed solution was clarified by filtration through 
a layer of Celite (Fisher Scientific Company) on a Buchner 
funnel. The casein was precipitated as before and after thorough 
washing with water it was dried by several washings with cold 
(—20°) ethanol followed by a final washing with ether. 

From Mammary Gland—Mammary tissue, prepared as de- 
scribed earlier, was homogenized in 4 volumes of distilled water, 
with the use of a Waring Blendor. The homogenate was made 
alkaline (pH 9.7) with ammonia (0.1 N final concentration with 
respect to alkali), and was kept overnight at 2° for extraction of 
the proteins. The suspension was centrifuged in the cold and 
the supernatant filtered through cotton-wool. The filtrate which 
was opalescent was brought to pH 4.6. The bulk of the proteins 


TABLE 
Incorporation in vivo of P3* into phosphoprotein fractions of liver 
and mammary gland 
P22-labeled phosphorus was administered to a lactating rabbit 
which was killed after a time interval of 3 hours. Specific ac- 
tivities of phosphorus in the various fractions were determined as 
described in the text. 


Total : 
c.p.m./ 
c.p.m. xX | 
xX 105 
Liver Acid-soluble 1.34 | 5.24 | 3.91 
Phosphoprotein | 0.02 | 0.07 | 3.50 
Phospholipid 1.25 | 0.18 | 0.14 
Mammary gland Acid-soluble 1.25 | 5.75 | 4.60 
Phosphoprotein | 0.06 | 0.22 | 3.63 
Phospholipid 0.40 | 0.26 | 0.65 
Casein 3.40T | 7.34fT | 2.16 


* Values given per gram of fresh tissue. 
t Values represent total yield and activity of casein phosphorus. 


TaBLeE II 
Comparison of specific activities in casein and liver phosphoprotein 


Specific activity 
Rabbit No. 
Liver oo. hoprotein Casein 
phosphorus phosphorus 
c.p.m./mg phosphorus XK 105 

II 2.15 3.47 

III 0.92 0.41 
IV 1.44 1.52 

V 2.70 11.65 

VI 3.45 2.16 
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was precipitated at thispH. The protein was separated, washed, 
and was freed from contaminating P® as described for casein. 
The dialyzed solution contained considerable amount of lipid 
material. This was removed by shaking up the solution with 
an equal volume of n-butanol and separating the aqueous layer 
by centrifugation. The protein was precipitated from the 
aqueous layer by adjusting the pH to 4.6 and the precipitate 
washed and dried as previously described for casein. 

Analytical Methods—Total nitrogen was determined by the 
method of Koch and McMeekin (19) and total phosphorus 
according to Fiske and SubbaRow (20). Pj was determined by 
an isobutanol extraction method (21). In the case of solutions 
containing protein breakdown products, silicotungstate was also 
added, before molybdate, to eliminate interference in color devel- 
opment (22). 

Radioactivity Measurements—Before measurement of activity 
the phosphorus in the samples was converted to P; by digestion 
with HSO, as in the case of acid-soluble and lipid phosphorus, 
or by incubation with 1 Nn KOH at 37° for 20 hours as with phos- 
phoprotein phosphorus. Specific activities were calculated by 
determining the concentration and radioactivity of P; on the 
same sample according to Ernster et al. (23). The optical 
density of the blue color complex was read with a Klett photo- 
electric colorimeter after which the radioactivity due to P® in 
the sample was determined on the colored solution by the use 
of a Veall liquid counter (M6, 20th Century Electronics, Ltd.). 
The counting rate was corrected for background and decay. 

For following activities in paper chromatograms and electro- 
phoretic strips, the paper was cut into segments (1 cm? in area) 
and activities counted in stainless steel planchets with a mica 
window Geiger counter of conventional design. 

Paper Electrophoresis—Electrophoretic analyses were con- 
ducted in a horizontal open type electrophoresis apparatus 
(Arthur Thomas Company). The run was conducted in acid- 
washed Whatman No. 1 filter paper strips (4 X 30 cm) at room 
temperature. Protein bands were revealed by staining with 
Amidoschwarz (Merck, Naphthalene black 12B200). 


RESULTS 


Incorporation in vivo of P® into Phosphorus-containing Frac- 
tions of Mammary Gland and Liver—Data on the incorporation 
of administered P* into some of the phosphorus compounds of 
the mammary gland and liver of lactating rabbits are presented 
in Table I. It may be seen that the acid-soluble fraction has 
the highest specific activity and is closely followed by the phos- 
phoprotein fraction whereas the activity in the phospholipid is 
considerably less than that of the other fractions. The high 
rate of turnover of phosphoprotein phosphorus is in agreement 
with the finding of earlier workers (10-12). The present studies 
show further that the specific activity of casein phosphorus is 
comparable to and, at least in one instance, very much higher 
than that of liver phosphoprotein (Table II)—an indication of 
the remarkably rapid rate at which phosphorus incorporation 
into casein occurs. 

The data correlating yield of casein in terms of protein phos- 
phorus and the concentration of Pj in the mammary gland are 
presented in Table III. The increase in casein synthesis is 
accompanied by an increase in the concentration of P;. Since 
casein phosphorus accounts for a considerable proportion of the 
organic phosphate of milk, the results may be interpreted as 
indicating the dependence of mammary gland on P; fraction for 
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TaBLeE III 
Relationship between P; and amount of casein synthesized 
Specific activity 
Casein Mammary gland 
Rabbit No. P;* 
P Pi in P h 
phos- Os- 
phorus orus 
c.p.m./mg phosphorus X 10* 
V 0.36 1.17 7.42 11.65 7.51 0.98 
VII 0.42 1.68 8.21 4.30 9.90 0.75 
IIt 0.48 1.91 10.33 3.50 3.39 0.50 
VI 1.10 3.40 3.94 2.20 3.63 0.66 


* Mg per gm of fresh tissue. 
+ Total yield of casein as mg protein phosphorus. 
t Animals killed 2 hours after injection. 


providing the phosphorus for casein synthesis. The inverse 
relationship between the amount of protein phosphorus syn- 
thesized and its specific activity is also evident from the results 
presented in Table III. This may be due to the following rea- 
sons: (a) the decrease in the specific activity of P;, precursor of 
casein phosphorus, consequent on the increase in the total con- 
centration of the P; of the gland, (6) dilution of the newly syn- 
thesized protein of high specific activity with the pre-existing 
unlabeled protein, and (c) a decrease in the rate of utilization of 
P; for casein synthesis owing to the large concentration of pre- 
existing casein. The specific activity of the mammary gland 
phosphoprotein exhibits likewise a dependence on the activity 
of P;. Specific activity of the phospholipid fraction does not, 
however, show much variation. This may be taken to indicate 
that the rate of incorporation of phosphorus into phospholipid 
is much lower than the rate of its utilization for phosphoprotein 
synthesis. 

Characterization of Caseon—The casein preparation from rabbit 
milk contained 0.5% of phosphorus, all of it being labile to 
alkali. The specific activities of the total phosphorus and the 
alkali-labile phosphorus of the protein were consequently the 
same. Paper electrophoretic analysis of the protein in Veronal 
buffer (0.05 m) at pH 8.6 indicated the presence of a major 
protein band moving towards the anode and a minor one with 
a lower mobility. Radioactivity was present exclusively in the 
major protein component (Fig. 1). 

The corresponding protein fraction from mammary gland 
exhibited considerable variation in its phosphorus content (Table 
IV). In contrast to casein only a small proportion of its phos- 
phorus was labile to alkali. The amount of the labile phosphorus 
in the protein was also variable and appeared to be dependent 
on the yield of casein phosphorus. The specific activity of the 
fraction was of the same order as that of casein. These observa- 
tions suggest that the fraction may be very similar to, if not 
identical with casein. The rest of the protein phosphorus possi- 
bly represents nucleic acid phosphorus. The specific activity of 


this fraction can be expected to be very much less than that of 
the phosphoprotein phosphorus. 

Electrophoretic analysis of the mammary gland protein frac- 
tion at pH 8.6 indicated the presence of at least three protein 
components. The radioactivity in the electrophoretogram was 
too low, even when the maximum permissible amount of the 
protein was spotted, to draw any valid conclusion. 
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Fig. 1. Paper electrophoretic analysis of casein. Electropho- 
resis carried out in 0.05 m Veronal buffer, pH 8.6, at 280 volts for 3 
hours. Shaded area in the lower part of the figure represents the 
major protein component in the preparation as revealed by stain- 
ing with Amidoschwarz. Upper portion represents distribution of 
radioactivity in the strip. 


TABLE IV 
' Analysis of fraction from mammary gland insoluble at pH 4.8 
Mammary gland protein Casein 
Experiment Specific activity 
Total | ‘labile Vielatt | Specific 
Os | phos- | Total | Alkali-la~-| Yield*t | activity 
phorus* phos- | bile phos- 
phorus phorus 
o% phos phorus oe 
x< 105 
I 0.74 0.07 1.25 9.10 1.17 11.65 
II 1.59 0.22 0.58 2.90 3.40 2.20 


* The figures presented represent the maximum and minimum 
values obtained in these investigations. 
ft In terms of protein phosphorus. 
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Fic. 2. Rate of dephosphorylation of casein by alkali. The 
protein (80 wg of phosphorus) was incubated with 2 ml of 0.5 n 
KOH at 37° for various time intervals. Reaction was stopped by 
the addition of 1 ml of 40% trichloroacetic acid. Pj; determined 
in the filtrate by colorimetric (@——@) and radioactivity 
(A——A) measurements. 


Dephosphorylation Studies—The rate of liberation of P; from 
casein by alkali, as measured by colorimetric and radioactivity 
determination of the liberated P; is represented in Fig. 2. The 
equivalence in the rate, as measured by both the methods, sug- 
gest that all the phosphorus atoms of the casein have the same 
specific activity. 

The results of studies on the enzymic dephosphorylation of 
casein are presented in Table V. The protein was readily de- 
phosphorylated by phosphatase preparations from rat spleen 
and wheat germ and the specific activities of the P; released 
from the protein by the various reagents were nearly the same. 
Phosphodiesterase and inorganic pyrophosphatase had no de- 
phosphorylating action on the protein, and incubation of the 
protein with these enzymes did not lead to the liberation of acid- 
soluble phosphorylated peptides. 

Degradation by Pepsin—In an attempt to obtain more informa- 
tion on the distribution of the incorporated phosphorus into the 
casein, the protein was digested with pepsin. A 1% solution of 
the protein, adjusted to pH 1.8 with HCl, was mixed with crystal- 
line pepsin (enzyme-substrate 1:50) and left at 37° for 20 hours. 
The small amount of precipitate which separated during the 
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course of digestion, was separated by centrifugation, washed with 
water, and dissolved with the minimum amount of alkali. Ra. 
dioactivity determination indicated that the activity in the 
precipitate accounted for only about 5% of the activity in the 
parent protein; the rest of the activity was recovered in the 
filtrate. Phosphopeptone was precipitated from the filtrate as 
the barium salt, according to the method of Damodaran and 
Ramachandran (24). The peptone was purified by dissolving it 
in water and reprecipitating with ethanol. After several wash- 
ings with 50% ethanol, the precipitate was dissolved in water. 
A portion of it was analyzed for total nitrogen and phosphorus 
and for radioactivity. The phosphopeptone preparation had 
N:P atomic ratio ranging from 16 to 18 and had about the same 
specific activity as the parent protein (Table VI). When sub- 
jected to paper electrophoresis at pH 5.8 (0.025 m phthalate 
buffer) the peptone was resolved into two components. The 
radioactivity was present exclusively in these fractions (Table 
VII). 

Degradation by Acid—Labeled phosphopeptides were also 
obtained on degradation of casein with concentrated HCl at 37° 
for a period of 48 hours. A phosphopeptide accounting for about 
50% of the activity of the parent protein was isolated from the 
hydrolysate by descending paper chromatography in butanol- 


TABLE V 
Dephosphorylation behavior of rabbit casein 


Incubation mixtures for enzyme experiments were made up as 
follows: buffer (0.05 m acetate buffer at pH 5.6 for spleen and wheat 
germ phosphatase, bicarbonate at pH 7.5 for diesterase and pyro- 
phosphatase), activator (0.001 m thioglycollic acid for spleen 
phosphatase, 0.01 m Mgt* for diesterase and pyrophosphatase), 
casein (63.5 wg of phosphorus), enzyme of sufficiently high con- 
centration to ensure its excess, and water to a final volume of 4 ml. 
For alkali dephosphorylation the casein (63.5 ug of phosphorus) 
was dissolved in 2 ml of 1 Nn KOH. Incubations were at 37° for 
20 hours. Reaction terminated by addition of 1 ml of 40% tri- 
chloroacetic acid. P; estimated in the filtrate by isobutanol pro- 
cedure. 


Reagent — i | 
c.p.m./mg 
ug c. p.m. phos phorus 
x 108 
Alkali 63.5 2604 4.10 
Spleen phosphatase 56.3 2230 3.96 
Wheat germ phosphatase 57.8 2284 3.95 
Venom diesterase 0.0 15* 
Yeast pyrophosphatase 0.0 10t 


* Total activity in acid-soluble fraction 130 c.p.m. 
Tt Total activity in acid-soluble fraction 15 ¢.p.m. 


TaBLe VI 
Analysis of casein phosphopeptone 


Specific activity 


Preparation No. | Total phosphorus Total activity 


Peptone 

mg c.p.m. X 108  |\c.p.m./mg phosphorus X 105 
1 0.19 0.59 3.10 3.50 
2 0.76 0.34 0.45 0.45 
3 0.53 0.90 1.70 1.60 


| 
ac 
C0 
ac 
let 
De 

8O 
Wi 
@ 
re 
re 
P; 
; 
Pt 
co 
(2 
p 
40 
Bi 
a 
30 A 
b 
a 
t 

ac 
lOr /* 
co 
sp 
as 
Pp 
Ca 
ti 
p! 
pl 
p! 
e 
e 
ol 
O 
it 
| 
| of 
ac 
eX 
to 
ex 


March 1960 


acetic acid-water (4:1:5) solvent system. The peptide had 
about twice the Ry value of P-serine in this system and gave on 
complete hydrolysis the amino acids: aspartic acid, glutamic 
acid, serine, glycine, alanine, threonine, proline, valine, and 
leucine. These amino acids are also present in the phospho- 
peptones obtained by enzymic degradation of casein (25). 

The site of binding of the phosphorus isotope in rabbit casein 
was investigated by subjecting the protein to partial acid hydrol- 
ysis according to the procedure of Lipmann (26). Acid was 
removed from the hydrolysate by repeated distillation under 
reduced pressure. The residue was taken up in water and any 
P; formed during hydrolysis was removed by treatment with 
magnesia mixture. After filtering off the precipitated MgN H,- 
PO,, the filtrate was neutralized and the remaining phosphorus 
compounds were precipitated by the addition of Ba(CH3;COO). 
(25% solution) and ethanol. The solution was kept in the cold 
overnight to complete the precipitation of the barium salts. The 
precipitate was separated by centrifuging, dissolved in water, 
and reprecipitated with ethanol. After removal of barium as 
BaSO,, the free esters were analyzed by paper electrophoretic 
and chromatographic methods. P-serine appeared to be the 
only phosphorylated amino acid in the hydrolysate, as shown 
by the following experiments: (a) paper electrophoretic analysis 
at pH 8.6 (0.05 m Veronal buffer) indicated the presence of a 
component which gave an intense color with ninhydrin and had 
the same mobility as a synthetic sample of P-serine. Radio- 
activity was present exclusively in thiscomponent. (b) Chroma- 
tography in the butanol-acetic acid-water (4:1:5) system showed 
up a ninhydrin-positive spot with the same Ry as P-serine and 
containing about 80% of the activity spotted on the paper. The 
spot was eluted and hydrolyzed with 6 nN HCl at 110° for 48 
hours. Serine was the only amino acid present in the hydrolysate 
as detected by paper chromatography. The results thus indi- 
cate a true incorporation of the phosphorus isotope into the 
protein, this being present as P-serine. 


DISCUSSION 


The present studies confirm the findings of the earlier workers 
in demonstrating a rapid incorporation of phosphorus into 
casein in the mammary gland. ‘This is evident from the observa- 
tion that the specific activity of casein phosphorus is many times 
higher than that of phospholipid and possibly of nucleic acid 
phosphorus and that it is comparable to that of liver phospho- 
protein. The latter fraction is known to have a high rate of 
phosphorus turnover (10-12). That the activity in casein is 
entirely due to incorporation of P® into this protein and does 


not arise from contaminating phosphoprotein enzymes, is quite . 


evident from the following observations: (a) The radioactivity 
of the protein is fully recovered in a —_ protein component 
on electrophoresis of the preparation ati pH 8.6. (6) All the 
phosphorus atoms of the protein possess the same specific activ- 
ity, as shown by alkali dephosphorylation studies. (c) Phos- 
phopeptone obtained by peptic digestion of the protein consists 
of two electrophoretically distinct components which are radio- 
active to more or less the same extent. 

The observation that the specific activity of casein phosphorus 
exceeds that of hexose monophosphates (2) prompted Pin (5) 
to suggest that the phosphorus atoms of casein are not present 
exclusively as monoesters. According to his hypothesis, a part 
of the phosphorus atoms of the protein are incorporated at the 
same time as the formation of the initial peptide chains and that 
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TaBLeE VII 
Electrophoretic analysis of casein phosphopeptone 

Phosphopeptones prepared by peptic digestion of casein were 
analyzed by paper electrophoresis in 0.05 m phthalate buffer (pH 
5.6) for 4 hours at 270 volts. Tracing of paper electrophoretic 
strips for radioactivity indicated that the activity was present 
mainly in the ninhydrin-positive components. Movement of the 
peptides was towards the anode. 


Activity in peptide 


Distance of band 


Peptide band from the origin 


Experiment No. 


1 2 3 
cm c.p.m. c.p.m. c. p.m. 
1 6-6.8 512 570 1048 
2 7-7.8 436 390 1252 


these phosphorus atoms are in the diesterified state serving to 
link together the peptide chains of the protein. Once the funda- 
mental chain of the protein is formed, the rest of the phosphorus 
is assumed to be incorporated into the protein as monoesterified 
phosphate. These conclusions are not, however, borne out by 
our finding on the dephosphorylation behavior of casein. The 
presence of diesterified phosphate in rabbit casein can be def- 
initely excluded in view of our observation that about 90% of 
the phosphorus of the protein is removed as P; by enzyme prepa- 
rations completely lacking in diesterase activity (Table V). 
Failure to obtain phosphopeptides from casein after treatment 
of the protein with pyrophosphatase and phosphodiesterase indi- 
cates further that phosphate bridges may not be involved in 
cross-linking peptide chains in rabbit casein. The even labeling 
of the phosphorus atoms in casein, as revealed by dephosphoryla- 
tion studies, also goes contrary to Pin’s hypothesis. Taking 
into account the observation of Aten and Hevesy (2) that it 
takes about 1 hour for synthesis of casein to be effected by the 
mammary gland, one would expect appreciable variation in the 
specific activities of the phosphorus atoms of casein if these were 
to be incorporated into the protein at different rates. 

Le Bars et al. (27) have investigated the protein constituents 
of the mammary gland of dog to establish their relationship to 
casein. The proteins were extracted from the tissue with 10% 
NaCl and were precipitated from the extract with trichloroacetic 
acid or by saturation with ammonium sulfate. The protein 
fraction thus obtained differed from casein in containing a higher 
amount of phosphorus. The specific activity of the protein 
phosphorus was very low and was in fact very much less than 
that of phospholipid phosphorus. They interpreted these find- 
ings as indicating a slow utilization of Pj for casein synthesis. 
This conclusion is not supported by the result of the present 
studies which clearly establish the complex nature of the protein 
fraction prepared from the mammary gland. Only a small 
proportion of the phosphorus of the protein is labile to alkali 
(Table IV) whereas phospholipid and nucleic acid phosphorus 
constitute a large proportion of the protein phosphorus. Fur- 
ther, the specific activity of the alkali-labile phosphorus is very 
much higher than that in phospholipid and nucleic acid and is 
comparable to that of casein phosphorus. The low specific 
activity obtained for protein piiosphorus by the French workers 
might also have been due to the fact that they killed the animal 
5 days after injection of P-labeled phosphate—a period long 
enough to bring down the specific activity of Pj of mammary 
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gland to a low value and in consequence that of protein phos- 
‘phorus. It is possible that the alkali-labile phosphorus of mam- 
mary gland protein described in the present studies represents 
casein phosphorus, although conclusive proof for this is lacking. 


SUMMARY 


Intraperitoneal administration of P*-labeled phosphate to 
lactating rabbit led to a rapid incorporation of the isotope into 
the phosphoprotein of milk and of mammary gland. Indication 
as to the rate of incorporation of phosphorus into casein was 
obtained from experiments which showed that the specific activ- 
ity of casein phosphorus was comparable to that of liver phos- 
phoprotein, which is known to have a high rate of phosphorus 
turnover. 

P-labeled casein was prepared from the milk of rabbit given 
an injection of labeled phosphorus. The protein was charac- 
terized on the basis of its electrophoretic behavior, dephos- 
phorylation by alkali and by enzymes, and through its degrada- 
tion with pepsin and by acid. The results indicated that the 
high activity in the protein represented a true incorporation of 
P® into the protein as phosphoserine and that the phosphorus 
atoms in the protein were evenly labeled. 

A protein fraction resembling casein in its solubility properties 


was prepared from mammary gland. The protein differed from - 


casein in having a very low amount of alkali-labile phosphorus 
and appeared to be more complex electrophoretically. The 
specific activity of the labile phosphorus was of the same order 
as that of casein. The results are consistent with earlier findings 
on the rapid utilization of inorganic phosphorus for casein syn- 
thesis. 
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Recent studies on casein biosynthesis have conclusively shown 
that the mammary gland utilizes the inorganic phosphorus of 
the blood for the formation of casein phosphorus and that the 
phosphorus incorporation occurs at a rapid rate (1-4). Very 
little is known, however, concerning the steps involved in this 
conversion. o-Phosphoserine as the basic phosphorus-containing 
unit of casein (4, 5) would appear to be the obvious choice as an 
intermediate in this reaction. The formation of o-phosphoserine 
by transamination of phosphohydroxypyruvate was first sug- 
gested by Le Bars e¢ al. (6) and has subsequently received experi- 
mental support from recent studies on the biosynthesis of serine 
from carbohydrate in the liver (7). 

In a study of the occurrence of P-serine! in mammary tissue, 
carried out in this laboratory, it was observed that the lactating 
mammary gland of the rat did not contain a detectable amount 
of this amino acid. These studies, on the other hand, brought 
to light the presence of traces of phosphorylated peptides in this 
tissue (8). The conditions of the experiments for the isolation 
of the mammary gland peptides (homogenization with trichloro- 
acetic acid (8)) were such as to rule out the possibility of these 
arising as a result of the proteolytic action of the mammary 
gland. <A possible role for these phosphopeptides as interme- 
diates in the biosynthesis of casein is indicated from the observed 
similarity of their amino acid composition with that of phospho- 
peptones obtained by enzymatic degradation of casein (9) as 
also from the work of Thoai and Pin (10) who demonstrated the 
ability of goat udder homogenates to synthesize a phospho- 
peptide from a suitable complement of amino acids in the pres- 
ence of adenosine triphosphate as energy donor. To throw more 
light on this aspect it was considered of interest to isolate the 
peptides, in a homogeneous state, from the mammary gland and 
milk of lactating rabbits to which P-labeled phosphate had 
been administered and to compare the extent of incorporation 
of P into these peptides with that observed in the phospho- 
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to 10% final concentration. 


protein fraction of these sources. Evidence was also sought for 
the presence of free P-serine in the mammary tissue since the 
results of earlier nonisotopic experiments were not unambiguous 
enough to rule out the presence of traces of this amino acid which 
could have escaped detection by the chromatographic methods 
employed. The present paper describes the results of these 
experiments and discusses their possible significance in relation 
to the mechanism of phosphorus incorporation into casein. 


EXPERIMENTAL 


The materials employed in these investigations were as de- 
scribed in the previous paper (4). 

Isolation of Phosphate Esters from Mammary Gland and Milk— 
P®2_-labeled phosphate was administered intraperitoneally to the 
lactating rabbit (1 ue per g body weight), and the animal was 
killed at the end of 3 hours. The subsequent operations were 
carried out at 0-4°. The mammary glands were washed with 
0.9% sodium chloride solution to remove adhering milk, and a 
water homogenate of the tissue obtained essentially according to 
the procedure described earlier (4). The homogenate was made 
alkaline (pH 9.7) with ammonia (0.1 N final concentration with 
respect to alkali) and after keeping overnight at 2° it was centri- 
fuged in the cold. The supernatant solution was clarified by 
filtration through cotton-wool. In preliminary experiments, the 
extract was deproteinized by precipitating the bulk of the protein 
at pH 4.8 and removing the rest of it by the addition of 4 volumes 
of acetone. This procedure, however, resulted in poor recoveries 
of the phosphopeptides. In subsequent experiments the proteins 
were precipitated by adding trichloroacetic acid to the extract 
The precipitated protein was centri- 
fuged off and was washed once with 10% trichloroacetic acid. 
The washings were combined with the original supernatant, and 
trichloroacetic acid was removed from the solution by shaking 
with several portions of ether until the pH of the solution was 
about 4.0. The aqueous layer was neutralized with ammonia 
and the phosphorus-containing compounds in the solution were 
precipitated by adding sufficient (approximately 5 ml) of a 25% 
solution of Ba(CH;COO). followed by the addition of 4 volumes 
of acetone. The solution was stored in the cold overnight to 
complete the precipitation of the barium salts. 

The precipitated barium salts were separated by centrifuga- 
tion and were suspended in water. Barium was removed by 
adding the minimum amount of Dowex 50 (H+ form, 200 to 400 
mesh, 8X cross-linkage). The resin was washed once with 2 N 


679 


64, 
877 
037 
1, 
6, 
75 
6, 
)). 
D- 


ammonia. This treatment did not displace barium from the 
resin. The washings and the original supernatant were com- 
bined and then made strongly alkaline with ammonia. Magne- 
sia mixture (2 ml) was added to precipitate P;. After storage 
in the cold overnight, the precipitated MgNH,PO, was removed 
by filtration. The filtrate was neutralized with acetic acid and 
treated with 10 ml of a 25% solution of barium acetate. The 
suspension was kept at 0° for 6 hours and the precipitate, repre- 
senting the water-insoluble fraction, was separated by centrifuga- 
tion and washed once with water. The first supernatant solution 
and the wash water were combined and treated with 5 volumes 
of ethanol. The precipitate (the water-soluble fraction) was 
separated and was washed twice with 50% (volume for volume) 
ethanol. The two phosphorus-containing fractions were taken 
up separately in water, and after removal of barium with Dowex 
50 (see above) the solutions were concentrated to dryness under 
reduced pressure over H.SQ,. 

The preparation of phosphorus-compounds from the trichloro- 
acetic acid-soluble fraction of milk was carried out by a similar 
procedure. 

Paper Electrophoretic Analysis—This was carried out in a 
horizontal open type electrophoresis apparatus (Arthur Thomas 
Company). Paper strips for electrophoresis (4 X 30 cm) were 
- cut from acid-washed Whatman No. 1 sheets prepared according 
to Hanes and Isherwood (11). The runs were conducted at 
room temperature for 2 to 4 hours at 250 volts. 

Location of Phosphopeptides—After completion of the electro- 
phoretic run, the strips were dried at 100° for 10 minutes. They 
were cut lengthwise to obtain strips, 1 cm in width, to serve as 
guide strips. Peptides were revealed on the guide strips by 
spraying with the acidic ninhydrin reagent of Levy and Chung 
(12). Radioactivities were located on the same strips by a 
procedure described in the previous paper (4). 

Determination of Specific Activity—The preparation of casein 
and of the mammary gland protein and analyses of these for 
phosphoprotein phosphorus were carried out as described in the 
previous paper (4). 

For determining the specific activities of the phosphopeptides, 
these were hydrolyzed with constant boiling HCl (3 ml) in a 
sealed tube at 110° for 48 hours. Specific activity of the Pj was 


TABLE I 
Distribution of radioactivity in ninhydrin-positive compounds of 
water-soluble phosphorus fraction from milk and mammary gland 
Electrophoresis of the water-soluble phosphorus fraction was 
carried out in phthalate buffer (0.025 m, pH 5.6) at 250 volts for 
3 hours. Movement of the peptides was towards the anode. 


cm c.p.m. 

Mammary gland 1 —0.5-+1.0 + 105 
2 11.0-14.0 ++++ | 6820 

3 14.0-14.5 + 800 

4 15.5-16.0 + 400 

Milk 1 3.5-4.2 + 0 
2 4.2-5.2 + 20 

3 5.2-7.4 + 500 

4 7.4-10.4 ++++ | 3235 


*4 Faint color with ninhydrin; +++4, intense color with 
ninhydrin. 
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determined on an aliquot of the hydrolysate by the isobutanol 
method (4). All counting rates were corrected for background 
and decay. 

Amino Acid Composition of Peptides—Hydrolyses of the pep- 
tides were effected as described above. Acid was removed by 
repeated evaporation of the hydrolysate over NaOH pellets 
under reduced pressure. The amino acids of the hydrolysate 
were separated by subjecting an aliquot of it to two-dimensional 
descending chromatography on Whatman No. 1 paper (46 x 
57 cm). The solvent systems employed were butanol-acetic 
acid-water (4:1:5) for the first run and phenol-water (80:20) 
for the second. Estimation of amino acids on the chromatogram 
was carried out by the procedure of Giri et al. (13). 


RESULTS 


Isolation of Phosphopeptides—In earlier experiments the phos- 
phopeptides were separated by paper chromatography employing 
butanol-acetic acid-water (4:1:5) solvent system (8). Since 
the peptides had low Ry values it was necessary to employ a 
prolonged run for a satisfactory separation of the peptides. 
Paper electrophoresis was found to be much more convenient for 
effecting a good resolution of the peptides. The use of Veronal 
buffer at pH 8.6 gave very good separation of the phospho- 
peptides from the nonphosphorus peptides as well as from other 
phosphorus compounds. Phthalate buffer at pH 5.6 was some- 
what less satisfactory whereas tris(hydroxymethy]l)aminometh- 
ane at pH 8.6 and borate buffer at pH 8.6 gave very poor reso- 
lutions. ‘The best results were obtained by subjecting the 
phosphorus compounds to electrophoresis at pH 5.6 (phthalate 
buffer) to effect a partial separation of the peptides from other 
compounds and submitting the partially purified peptide to 
reelectrophoresis at pH 8.6 (Veronal buffer). 

Electrophoresis at pH &.6—The phosphorus esters, prepared 
as described earlier, were taken up in the minimum amount of 
water and subjected to electrophoresis employing 0.025 m phthal- 
ate buffer of pH 5.6. In the case of the water-insoluble fraction, 
two ninhydrin-positive bands were obtained, one of them at the 
origin, and the other with a low mobility, moving towards the 
anode. No activity was present in either of these bands and 
consequently this fraction was discarded. With the soluble 


' fraction, a somewhat diffuse band giving an intense color with 


ninhydrin and containing the greater part of the activity of the 
fraction was obtained (Table I). In addition, several other 
ninhydrin-positive bands were present. These, however, did not 
contain appreciable activity. The active band was eluted from 
the strip by two successive extractions with 50% ethanol. The 
extracts were pooled, concentrated to a small volume by vacuum 
distillation, and evaporated to dryness under reduced pressure 
over H.SO.. 

Re-electrophoresis at pH 8.6—The residue from the previous 
step was taken up in the minimum amount of water and was 
subjected to electrophoresis in 0.05 m Veronal buffer at pH 8.6. 
The phosphopeptide was well separated as a sharp band, which 
contained nearly the whole of the activity spotted on the paper 
(Figs. 1 and 2). In the case of mammary gland, a second band 
with a slightly lesser mobility and contiguous to the sharp band 
was also obtained. Two other ninhydrin-positive bands were 
also present. These had mobilities of 0.24 and 0.43 x 10-5 cm? 
per volt per sec, respectively, as against the value of about 2 X 
10-5 cm? per volt per sec obtained for the active bands. These 
bands had no activity and possibly represented nonphosphory!l- 
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Fig. 1. Re-electrophoresis of mammary gland phosphopeptide. 
The partially purified peptide prepared by electrophoresis at pH 
5.6 (see Table I) was subjected to re-electrophoresis in 0.05 m 
Veronal buffer at pH 8.6 at 250 volts for 2 hours. The shaded 
areas in the lower part of the figure represent the ninhydrin-posi- 
tive bands. The upper part of the figure represents distribution 
of radioactivity in the strip. Movement of the peptides was to- 
wards the anode. 


ated peptides similar to those found in the rat mammary gland 
in earlier studies (8). The active bands were eluted with 50% 
ethanol and concentrated to dryness as described earlier. 


The peptides thus obtained appeared to be homogeneous since . 


they gave a single band, reactive to ninhydrin and containing 
the whole of the radioactivity, on re-electrophoresis at pH 8.6. 
The peptides had somewhat lower mobilities as compared to 
P-serine at this pH (2 X 10-5 cm? per volt per sec as against 
3.1 X 10-5 cm? per volt per sec for P-serine). 

Specific Activity of Peptides—The specific activities of the 
phosphorus in the peptide preparations are shown in Table II. 
Also presented in the table are values for specific activities of 
phosphoproteins of milk and mammary gland of the same animal. 
It is evident that the specific activity of the phosphopeptide is 
in each case comparable to that of the phosphoprotein obtained 
from the same source. 

Amino Acids of Peptides—The amino acid compositions of the 
phosphopeptides were determined by a semiquantitative paper 
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Fig. 2. Re-electrophoresis of milk phosphopeptide. The par- 
tially purified peptide prepared by electrophoresis at pH 5.6 (see 
Table I) was subjected to re-electrophoresis in 0.05 m Veronal 
buffer at pH 8.6 at 250 volts for 2 hours. The shaded area in the 
lower part of the figure represents the ninhydrin-positive band. 
The upper part of the figure represents the distribution of radio- 
activity in the strip. Movement of the peptide was towards the 
anode. 


TABLE II 


Specific activities of phosphorus in phosphopeptides and 
phosphoprotein fractions of mammary gland and milk 


Specific activity 
Total Total 
Peptide anal _ activity 
in peptide Peptide Protein 
Mammary gland* 

Peptide II.............. 126 1.31 10.4 é 
Milk peptide............. 49 0.25 5.0 4.3f 


* The numbering of mammary gland peptides is as given in 
Fig. 1. 

t Value represents specific activity of phosphoprotein phos- 
phorus in the acid-insoluble fraction of mammary gland. 

t Value represents specific activity of casein phosphorus. 
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chromatographic method. The compositions of the peptides, as 
obtained in an experiment, were as follows: 


Mammary gland peptide I:? Asp,,Glui3,Sers, Gly2o, Alay, Thre, 
Val;, Leug. 
Mammary gland peptide II:* Asp,,Glui,,Ser,, Glyis, Alag, Vale, 
U3. 


Milk peptide: Asp;,Glui;,Sers, Glye, Leu. 


The amino acid compositions of the peptides were generally 
similar to that reported by Pin (14) for the phosphopeptides of 
goat milk. In contrast to his findings, basic amino acids were 
absent in our preparations. An unknown compound, giving an 
intense color with ninhydrin and with an R, of 0.35 in butanol- 
acetic acid-water system, and 0.70 in phenol-water system, was 
also detected in the hydrolysates of all the peptides. The com- 
pound has not been characterized. 

Identification of Phosphorus-containing Group in Peptide— 
Suitable aliquots of the peptides were hydrolyzed with 2 n HCl 
at 75° for 24 hours. Acid was removed by repeated evaporation 
under reduced pressure over NaOH pellets. The residues were 
taken up in water and analyzed by ascending paper chroma- 
tography in butanol-acetic acid-water solvent system. About 
50% of the activity applied to the paper was recovered in a spot 
which was ninhydrin-positive and had the same FR, as an authen- 
tic sample of P-serine. 

Absence of Free P-serine in Mammary Tissue—The phosphorus 
fractions, prepared from mammary gland as already described 
(see ““Experimental’’) were tested for the presence of P-serine 
by electrophoretic analysis in Veronal buffer of pH 8.6. A 
synthetic sample of P-serine was used as marker. No radio- 
activity could be found in the test samples corresponding to the 
reference band of P-serine. To eliminate the possibility that 
P-serine was present in too low an amount to enable its precipita- 
tion from the acid-soluble extract of mammary gland, carrier 
P-serine (5 mg) was added to the extracts before precipitation of 
the phosphorus-compounds as the barium salts. P-serine which 
was separated by electrophoresis at pH 8.6 was still found to be 
devoid of radioactivity. 


DISCUSSION 


Any hypothesis concerning the mode of incorporation of phos- 
phorus into casein must take into account the evidence, based 
on enzymatic and acid degradation studies carried out on the 
protein (5, 9, 15), that the mhosphorus in the protein is present 
as P-serine and is linked to possibly the hydroxyl group of the 
amino acid residue. The occurrence of N-phosphoserine in 
casein does not appear likely in view of the failure to detect 
serine at the N-terminus of casein after enzymatic and alkali 
(barium hydroxide) dephosphorylation of the protein (16). The 
formation of casein phosphorus may be considered as occurring 
according to one or both of the following reactions. One possi- 
bility is that P-serine is involved as an intermediate. Alter- 
nately one may consider phosphorylation of the serine hydroxy] 
group as taking place at the peptide level. These possibilities 
have been kept in mind in the discussion which follows. 

Failure to detect a phosphokinase for serine in the lactating 


2 The amino acid compositions have been given in molar ratios. 
The values given for serine include phosphoserine and have been 
corrected for destruction during hydrolysis. Value for threonine 
carries similar correction. 

’The numbering of mammary gland peptides is as given in 
Fig. 1. 


Vol. 235, No. 3 


mammary gland (17) raised some doubt as to the involvement of 
free P-serine in casein biosynthesis. The problem, had, however, 
to be considered more intensively in view of the observations of 
several workers (6, 7, 18) to the effect that P-serine might have 
its origin in a compound other than serine. The experiments of 
Ichihara and Greenberg (7) have conclusively shown that P- 
serine is formed from glucose by way of phosphohydroxypyruvate 
and that it is an obligatory intermediate in the biosynthesis of 
serine from carbohydrate. It is to be expected that P-serine, 
irrespective of its origin, must be metabolically active and turn- 
over phosphorus at a significant rate, were it to be an interme- 
diate in casein biosynthesis. From isotope distribution studies 
no evidence could be obtained for the presence of labeled P- 
serine in the mammary gland. It is thus unlikely that P-serine, 
in the free state, would serve as a precursor for casein. 

The involvement of P-serine in casein biosynthesis is also 
open to doubt in view of the recent findings of Larson and Gil- 
lespie (19) that casein, lactalbumin, and lactoglobulin are syn- 
thesized from a common amino acid pool. Although the absence 
of P-serine in the last two proteins is explicable by assuming the 
operation of a selective mechanism for the incorporation of this 
amino acid into casein to the exclusion of the other two proteins, 
a more rational explanation would be that the serine residues 
are incorporated into casein mainly in the nonesterified state and 
that the presence of a suitable amino acid configuration around 
some of the serine hydroxyl groups in casein activates these 
groups to accept phosphorus from a suitable phosphate donor, a 
possibility already suggested by Burnett and Kennedy (20). 
Such a hypothesis would imply that phosphorylation occurs at 
the peptide or protein level rather than at the amino acid level. 
It may be of interest in this context to quote the analogous case 
of collagen biosynthesis where it has been established that the 
hydroxylysine residues are not incorporated into the protein as 
such and that hydroxylation of the lysine residues occur at the 
peptide level (21). 

In the course of a diligent search for the presence of phospho- 
amino acids in the mammary tissue, the presence of trace 
amounts of phosphorylated peptides was discovered. The 
second possibility in regard to the mode of incorporation of 
phosphorus into casein, mentioned earlier, had to be considered 
in detail in view of this finding and also in view of the experi- 
ments of Thoai and Pin (10) on the synthesis in vitro of such 
phosphopeptides by homogenates of sheep udder. An observa- 
tion of significance in this context is the close similarity in the 
amino acid pattern of these tissue phosphopeptides with that of 
casein phosphopeptone prepared by enzymatic degradation of 
casein. This naturally raises the question of their role in casein 
biosynthesis in the mammary gland. Studies in vivo with labeled 
phosphorus threw much light on this problem in that they demon- 
strated a high rate of turnover of phosphorus in the phospho- 
protein fraction of mammary gland and milk (4) and of compara- 
ble rates of renewal in the free phosphopeptides derived from 
these sources (Table II). ‘The high metabolic activity associated 
with the phosphopeptides is strongly suggestive of their utiliza- 
tion in casein synthesis. Of relevance in this context are recent 
reports on the occurrence of carboxyl-activated peptides in a 
variety of tissues and the suggestion that these may be on the 
path to protein synthesis (22-24). 

With respect to the mode of synthesis of these phosphopeptides 
by mammary gland, it is of interest that serine, although of 
itself is incapable of accepting phosphorus, could be isolated in 
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the phosphorylated form from these peptides. It is quite likely 
that a particular amino acid sequence around serine activates 
an otherwise inert hydroxy] group of serine to get phosphorylated. 
The reactivity of the hydroxyl group of peptide-linked serine as 
contrasted with the inert nature of the hydroxyl group of the 
free amino acid has also been observed by several workers. Thus 
chymotrypsin is readily phosphorylated at a serine hydroxy] 
group of the protein by diisopropylphosphorofluoridate (25), 
although the free amino acid is phosphorylated by this reagent 
only to a very small extent (26). A detailed study of the mecha- 
nism of action of phosphoglucomutase has revealed that the 
enzyme is readily phosphorylated by its coenzyme glucose 1 ,6- 
diphosphate and that the site of phosphorylation is again a 
serine hydroxyl group in the protein (27). Further, these en- 
zymes have a common amino acid sequence in the region of the 
reactive serine hydroxyl group (28-30), and it is of added signifi- 
cance that these amino acids, viz. aspartic acid, glutamic acid, 
glycine, alanine, serine, threonine, valine, and leucine, are also 
found in the phosphopeptides isolated in the present investiga- 
tion. Another point of similarity between casein and the phos- 
phoenzymes lies in the rapidity with which phosphorus incorpora- 
tion into these proteins occurs (4). These observations thus 
add up to suggest strongly the involvement of certain basic 
mechanism in the addition of phosphorus to the protein, whether 
it be the phosphoprotein of the classical type like the phospho- 
proteins of milk or the phosphoenzymes of high metabolic activ- 
ity. Whereas in the latter class of proteins addition of phos- 
phorus occurs mainly at the protein level, it is possible that in 
the case of casein phosphorylation occurs at the protein or the 
peptide level. The possibility of peptide bond formation pre- 
ceding phosphorylation, in casein synthesis, receives additional 
support from the demonstration of the existence of nonphos- 
phorylated peptides in the mammary gland, which have the 
same amino acid pattern as the phosphorylated peptides of the 
gland (8). In addition the mammary gland possesses an enzyme 
system capable of phosphorylating polypeptides derived from 
casein (31). <A detailed study of this enzyme for the nature of 
its physiological substrate and studies in vitro on the biosyn- 
thesis of the phosphopeptides and the extent of their incorpora- 
tion into newly synthesized casein may help to throw more light 
on the role of these peptides in the biosynthesis of casein. 


SUMMARY 


The occurrence of phosphopeptides in the mammary gland 
and milk of lactating rabbits is reported. A method for their 
separation, based on paper electrophoresis of the acid-soluble 
phosphorus fraction of these sources, is presented. Isotopic 
experiments indicated that these peptides were metabolically 
active and that the rates of renewal of phosphorus in these were 
comparable to those observed in the phosphoprotein fractions. 
Further, these peptides had amino acid patterns similar to that 
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in casein phosphopeptone obtained by enzymatic degradation 


of casein. 


The results have been discussed with reference to the 


possible utilization of these peptides by the mammary gland for 
the biosynthesis of casein. 
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It is well established that the biosynthesis of citrulline by 
liver and bacterial preparations consists of two main enzymatic 
reactions: (a) the synthesis of an intermediate, most probably 
carbamyl phosphate, catalyzed by liver carbamyl phosphate 
synthetase or by bacterial carbamate kinase and (6) the inter- 
action of carbamyl phosphate and ornithine to form citrulline 
catalyzed by the ornithine transcarbamylase of liver and of 
bacteria (1-8). There are, however, differences in the synthe- 
sis of carbamyl-P by liver and bacterial enzymes, for example, 
carbamyl-P synthetase requires catalytic amounts of acetyl 
glutamate and 2 moles of ATP (converted to ADP) per mole of 
carbamyl-P synthesized (7). Carbamate kinase does not re- 
quire acetyl glutamate and only 1 mole of ATP is converted to 
ADP per mole of carbamyl-P synthesized (4, 9). Recently it 
has been proposed by Metzenberg et al. (8) that the reaction 
catalyzed by carbamyl-P synthetase be represented by two steps 
(Reactions 1 and 2) with the formation of an hypothetical 
“active CO,” as follows: 


acetyl glutamate | p.4“activeCO.” (1 


) 
etvl glutamate 
ATP + “active CO.’”’ + NH; ; (2) 


ADP + carbamyl-P 


ATP + CO, 


In spite of numerous studies of citrulline synthesis with the 
use of purified enzymes, the role of acetyl glutamate, except as 
a catalytic agent, is unknown. There were some doubts re- 
garding the identity of synthetic and biosynthetic carbamyl-P 
and it was thought that acetyl glutamate was covalently linked 
to carbamyl-P. Relatively pure biosynthetic material has thus 
far been isolated only with carbamyl-P synthetase systems (6), 
since little carbamyl-P accumulates in the bacterial carbamate 
kinase systems (see below). The biosynthesis of acetyl] gluta- 
mate has not been demonstrated, although rat liver mitochon- 
dria do not require acetyl glutamate if properly fortified. In 
order to shed additional light on these points a comparative 
study of citrulline synthesis with bacterial and liver (mitochon- 
drial and purified) preparations was undertaken and is presented 
here. 

It has not been possible to relate the effect of large amounts 
of glutamate effective in stimulating citrulline synthesis in rat 
liver mitochondria to synthesis of acetyl glutamate or a similar 
catalytic agent. On the other hand, the carbamyl-P inter- 
mediate of bacterial and animal preparations has been shown to 
be identical by enzymatic coupling, and the identity of the 
synthetic and biosynthetic carbamyl-P has been further 
strengthened by studies with carbamyl-P phosphatase. The 
possible relation of this enzyme to specific dynamic action of 
proteins has been illustrated. The studies with hydroxylamine 


and Zn** presented here provide further evidence for a two-step 
reaction with carbamyl-P synthetase, and for additional differ- 
ences between carbamyl-P synthetase and carbamate kinase 
since the latter enzyme, in contrast to carbamyl-P synthetase, 
is not affected by hydroxylamine and little affected by Znt+, 
Finally, experiments are presented in which heating in the pres- 
ence of substrates has shown acetyl glutamate to have specific 
effects on carbamyl-P synthetase, and these effects may lead to 
additional understanding of the mechanism of action of acetyl 
glutamate. 


EXPERIMENTAL 


Materials and Methods 


Citrulline was determined by the method of Archibald (10) 
and inorganic phosphate by the procedures of Gomori (11) and 
Lowry and Lopez (12). The latter procedure was made ap- 
proximately 4 times more sensitive by decreasing the prescribed 
volume (12) to one-half and by adding 0.05 ml of 0.05 m CuSO, 
in 0.1 M acetate buffer, pH 4.7. Proteins were measured by the 
procedure of Mokrasch et al. (13). When hydroxylamine hy- 
drochloride was used, an aqueous solution was brought to pH 
7.4 with NaOH immediately before use. 

ATP, ADP, and phosphoryl-enolpyruvate (Na salt) were 
purchased from the Sigma Chemical Company. Carbamyl-P 
(about 70% purity) was prepared according to the procedure of 
Jones et al. (3).1_ P-glycerate mutase, enolase, pyruvic kinase, 
and hexokinase were prepared as described previously (14-16). 

Mitochondria from rat and pigeon liver were prepared in the 
following manner. The tissue was ground in a commercial 
grater. The mince was suspended in 5 volumes of 0.25 m su- 
crose, homogenized in the tissue grinder previously described 
(17), and diluted with 0.25 m sucrose to 1:10 (weight per vol- 
ume) homogenate. After centrifugation at 600 x g for 10 
minutes, the precipitate was discarded and the supernatant 
fluid centrifuged for 20 minutes at 6,000 x g. The sedimented 
mitochondria were suspended in 5 volumes of 0.25 m sucrose, 
centrifuged again for 20 minutes at 6,000 x g, and suspended 


1 In our experience carbamyl-P synthesis under the conditions 
of Jones et al. (3) or under a variety of other conditions, resulted 
in no better than 50% yield from P; (even when KCNO was in- 
creased several fold) as measured enzymatically with carbamate 
kinase and ADP with and without hexokinase, or diphospho- 
glycerate kinase and 2,3-diphosphoglycerate mutase. Enzyme 
inhibition by the KCNO present in the preparation was not re- 
sponsible for the low values since carbamyl-P prepared by the 
same procedure (3) reacted equally whether or not KCNO was 
added to the enzymatic test. We have no explanation for these 
observations (Brown, Joyce, and Grisolia, unpublished experi- 
ments). 
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with 0.25 m sucrose to 0.1 the volume of the original homoge- 
nate. Frog liver carbamyl-P synthetase was prepared according 
to Marshall et al. (7). Unless otherwise specified the acetone 
fraction was used. Rat liver acetone powder from mitochondria 
or from washed residues, and ethanol Fraction B thereof, car- 
bamyl-P phosphatase (Fraction IV), and bacterial carbamate 
kinase were prepared as described elsewhere (18-20).2 Other 
materials were commercial preparations. 


Standard Assays 


All incubations were at 38° and terminated, unless otherwise 
specified, by the addition of 5 ml of 10% HClO,. After centrif- 
ugation, appropriate aliquots of the supernatant fluids were 
analyzed for citrulline, Pi, or both. For clarity the assays will 
be referred to in the paper by number. 

Carbamyl Phosphate Synthetase—For the synthesis of the 
intermediate the following components were mixed and incu- 
bated for 15 minutes in a final volume of 2 ml: Tris buffer, pH 
7.4, 100 umoles; NaHCOs, 50 umoles; NH,Cl, 50 umoles; acetyl 
glutamate, 10 uwmoles; MgSO,, 20 umoles; ATP, 4 umoles; 
P-glycerate,* 50 wmoles; 50 units each of P-glycerate mutase, 
enolase, and pyruvic kinase; ornithine, 20 wmoles; 20 units of 
ornithine transcarbamylase (Fraction III from rat liver); and 
carbamyl-P synthetase (Assay No. 1). 

For phosphate transfer from carbamyl-P to ADP the follow- 
ing were mixed in a final volume of 2.0 ml: Tris buffer, pH 7.4, 
100 wmoles; carbamyl-P, 2 wmoles; ADP, 4 umoles; acetyl 
glutamate, 10 uymoles; MgSO,, 20 umoles; hexokinase, 25 units; 
glucose, 50 wmoles; and the enzyme. After incubation for 30 
minutes at 38°, 10 wmoles of ornithine were added and the 
incubation prolonged for 3 more minutes in order to convert the 
remaining carbamyl-P to citrulline. The extent of the reaction 
was estimated from citrulline measurements or from the differ- 
ence between the P; released in the control tube (with no enzyme 
added) and the complete tube or both (Assay No. 2). 

Carbamate Kinase—For the synthesis of the intermediate the 
following were mixed and incubated for 10 minutes in a final 
volume of 2 ml: Tris buffer, pH 8.5, 100 umoles; MgSQ,, 5 
umoles; NaHCO;, 60 uwmoles; NH;Cl, 100 wmoles; ATP, 4 
umoles; P-glycerate mutase, enolase, pyruvic kinase, 50 units of 
each; ornithine, 20 umoles; bacterial ornithine transcarbamylase, 
25 units; and the enzyme (Assay No. 3). 

The reversal reaction (synthesis of ATP from carbamyl-P 
and ADP) was measured as previously described (19). In 
this method (Assay No. 4 in the present paper) any residual 
carbamyl-P is hydrolyzed by heating. The extent of the reac- 


tion is calculated from the difference in P; between the control © 


tubes (no enzyme added) and the complete tubes. 

Ornithine Transcarbamylase—Incubations were for 10 minutes 
(15 minutes for the liver preparations) in a volume of 1 ml con- 
taining 50 umoles of Tris buffer, pH 8.5 (7.4 for the liver prepa- 
rations), 20 wmoles of ornithine, 15 wmoles of carbamyl-P and 


the enzyme. 
Definition of Enzyme Unit and Specific Activity—For the 


2 All the liver preparations used, including the frog liver ace- 
tone fraction reported to have 60 to 70% the specific activity of 
homogeneous preparations (7), usually contained more ornithine 
transcarbamylase activity than carbamyl-P synthetase activity. 
Nevertheless, the preparations were occasionally supplemented 
with transcarbamylase as indicated. 

3 The following abbreviations used are: P-glycerate, p-3-phos- 
phoglyceric acid; EDTA, ethylendiaminetetraacetic acid. 
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TABLE I 


Purification of ornithine transcarbamylase 
from bacteria and rat liver 


Enzyme Fraction Volume Yield 
ml mg x 10-3 % 

Bacterial Crude 600 2315 627 269 100 
Bacterial I 60 768 527 686 84 
Bacterial II 94 475 520 1095 83 
Rat liver Crude 377 5200 190 37 100 
Rat liver I 38 1060 134 126 70 
Rat liver II 75 460 75 164 39 
Rat liver III 15 84 47 562 25 


enzymes above described, 1 enzyme unit is defined as the amount 
of enzyme which synthesizes or transfers 1 umole under the 
conditions of assay. For P-glycerate mutase, enolase, pyruvic 
kinase, and hexokinase, 1 enzyme unit is defined as the amount 
of enzyme which transfers 1 umole of phosphate in 15 minutes 
under the conditions of Assays Nos. 1 and 2 (for hexokinase). 
Specific activity is given in units per mg of protein. 


Purification of Bacterial Ornithine Transcarbamylase 


All manipulations and centrifugations were carried out at 0° 
and at 4,000 x g for 20 minutes. 

The supernatant fluid, 600 ml, of sonically disrupted (19) 
bacterial cells, strain Di Group D streptococci, (Crude Frac- 
tion, Table I) were added with stirring to 600 ml of acetone 
(—10°) and the precipitate formed separated by centrifugation 
and dissolved in 60 ml of water. Any insoluble material was 
discarded after centrifugation. The remaining supernatant 
fluid (Fraction I, Table I) was mixed with 60 ml of a washed 
bentonite suspension (36 mg per ml) (21) and occasionally 
stirred. After 15 minutes it was centrifuged. The supernatant 
fluid (Fraction II, Table I) was lyophilyzed. The enzyme is 
very stable and can be stored for long periods of time in the cold. 


Purtfication of Mammalian Ornithine Transcarbamylase 


All the steps of the fractionation procedure were carried out 
at 0°. The ammonium sulfate solutions were saturated at this 
temperature. Centrifugations were for 20 minutes at 4,000 x g 
and the precipitates were taken up in 0.05 m Tris-0.001 m EDTA 
at pH 7.4 unless specified otherwise. 

Rat liver, 120 g, was ground and homogenized as described 
under ‘“‘Methods” for the preparation of mitochondria. The 
homogenate was centrifuged at 600 xX g for 10 minutes and the 
precipitate discarded. The supernatant fluid was centrifuged at 
6,000 x g for 15 minutes, most of the supernatant discarded, 
and the residue centrifuged at 20,000 x g for 15 minutes. The 
precipitate was then suspended in isotonic KCl and centrifuged 
again for 15 minutes at 20,000 x g. The washed precipitate 
was made up to approximately 0.2 the volume of the original 
homogenate, frozen and thawed twice, and then diluted to a 
protein concentration of 15 mg per ml (Crude Fraction, Table I). 
To each 100 ml of the Crude Fraction, 28 g of solid ammonium 
sulfate were added slowly with stirring; the precipitate was 
removed by centrifugation and discarded. To each 100 ml of 
the supernatant fluid, 16.7 g of solid ammonium sulfate were 
added; the precipitate was collected by centrifugation and 
dissolved in Tris buffer to 0.1 the volume of the Crude Fraction 
(Fraction I, Table I). Fraction I was heated at 52° for 15 
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TABLE II 


Effect of glutamate, acetyl glutamate, glutamine, and NH,* on 
citrulline synthesis with fresh and aged rat liver 
mitochondria and with soluble enzymes 

Each tube contained: Tris buffer pH 7.4, 100 wmoles; NaHCOs, 
50 umoles; MgSO,, 20 umoles; ornithine, 20 umoles; ATP, 4 umoles; 
P-glycerate, 50 wmoles; P-glycerate mutase, enolase, pyruvic 
kinase, 50 units of each, and 0.5 ml of a sucrose suspension of rat 
liver mitochondria prepared as described in the text. Final vol- 


ume, 2 ml. Incubation time, 40 minutes at 38°. 
Compounds added* Citrulline found* 
Acetyl 
‘5 luta- h - lubl 
0 0 0 20 0.73 0.73 0.04 
75 0 0 0 1.79 
75 50 0 0 6.05 2.24 
0 50 0 0 3.09 
0 50 0 20 7.73 6.57 2.05 
0 0 50 0 5.24 
0 0 50 20 8.44 5.47 0.12 
0 50 50 20 8.44 6.57 1.89 


* Values are given as uwmoles. 

7 Two milligrams of protein of a water extract of acetone pow- 
der prepared from rat liver washed residue were used, where in- 
dicated, replacing mitochondria. 


minutes and then chilled and centrifuged. The precipitate was 
washed with 0.05 m Tris buffer and the supernatant fluids were 
combined (Fraction II, Table I). Fraction II was mixed with 
28 ml of ammonium sulfate solution (pH 7.5) and after standing 
1 hour it was centrifuged. To the supernatant fluid 98 ml of the 
ammonium sulfate solution were added; after standing 1 hour 
it was centrifuged for 30 minutes and the precipitate was dis- 
solved in water to 0.2 the volume of Fraction II (Fraction III, 
Table I). 


RESULTS 
Studies with Mitochondrial Preparations 


Soluble enzyme preparations from liver synthesize citrulline 
from NH,* and CO, only in the presence of certain derivatives 
of glutamic acid, e.g. acetyl glutamate (22), whereas mitochon- 
dria, when properly fortified, synthesize citrulline with or with- 
out addition of acetyl glutamate (23). The role of this com- 
pound was therefore further explored. As seen in Table II 
when acetyl glutamate is added to fresh mitochondria in the 
presence of NH,* or glutamine, considerable stimulation of 
citrulline synthesis occurs. Glutamate at higher concentrations 
is almost as stimulatory, but is less effective with aged mito- 
chondria which still respond well to acetyl glutamate. In 
mitochondria there is fairly good synthesis with glutamine, 
even in the absence of added NH,*, indicating that glutamine 
can provide NH,* in this system. The soluble enzyme prepa- 
ration is active only if acetyl] glutamate is added, and glutamine 
cannot replace NH,4*. From this and previous evidence (18, 23) 
it appears that fresh, but not aged, mitochondria are able to 
synthesize from glutamate a derivative which serves as an acti- 
vator for citrulline synthesis.‘ Several attempts to obtain 


4 About 10% higher activity is seen at twice the concentration 
of glutamate shown in the table. It is important to point out 


Synthesis of Citrulline 


clearer evidence for this were made. The possibility that 
incubation of the mitochondria with glutamate, under optimum 
conditions, in the presence of a large amount of the soluble 
enzyme might result in liberation of acetyl glutamate or of a 
similar catalytic compound was tested. No replacement of 
acetyl glutamate by mitochondria could be shown. This prob- 
lem was further explored as follows. Mitochondria from 5 g of 
fresh rat liver were incubated for 30 minutes at 38° with 
500 umoles of glutamate, 450 umoles of P-glycerate, 450 units 
each of P-glycerate mutase, enolase, and pyruvic kinase, 20 
umoles of ATP, 150 wmoles of MgSO,, and 500 umoles of Tris 
buffer, pH 7.4, in a final volume of 15 ml. A _ nonincubated 
sample served as control. After incubation the mitochondria 
were concentrated by centrifugation. After deproteinization 
(0.2 ml of 60% HClO,) and centrifugation the supernatant 
fluid was neutralized with 2 n KOH and the KClO, precipitate 
was separated by centrifugation. Aliquots of the supernatant 
fluid were then tested. These extracts could not replace acetyl 
glutamate, in fact they were somewhat inhibitory for citrulline 
synthesis. Taking into consideration the inhibitory action of 
the extracts and calculations of K,, and mitochondrial volume, 
it was estimated that if acetyl glutamate synthesis stops within 
the mitochondria at the saturation level of soluble preparations 
no effect would be detected under the conditions used. There- 
fore, further experiments were run after disrupting the mito- 
chondria by freezing and thawing. Upon this treatment, the 
mitochondria lose their ability to synthesize citrulline in the 
absence of acetyl glutamate; any synthesis that occurs should 
be due to the presence of acetyl glutamate or similar cofactors. 
Only traces of activity were noted.® 

Although pigeon liver preparations incorporate CO, into 
carbamyl aspartic and orotic acids in the absence of added 
acetyl glutamate (24) they could not replace acetyl glutamate 
in citrulline synthesis with rat liver preparations. It appears 
then that the stimulation of activity previously reported with 
pigeon liver may have been due to ATP regeneration by pigeon 
liver mitochondria (18, 23). 


Studies with Soluble Enzymes 


Effect of pH—Under the conditions used, the synthesis of the 
intermediate by the animal enzyme appears to be maximal 
between pH 7.4 and 7.8 whereas the optimum pH for the bacte- 
rial enzyme was found to be 8.5 and 8.8. 

Effect of Mg** and \J{n++—As shown in previous work, Mg*+* 
ions are required for carbamyl-P synthesis (1, 8). A study of 
the quantitative aspects showed an optimum concentration of 
10-? m with rat and frog liver carbamyl-P synthetase both for 
the synthesis of carbamyl-P and for the transfer of phosphate 
from carbamyl-P to ADP. For the animal enzymes the opti- 
mum Mn** concentration is 5 X 10-*m. At this molarity it is 
slightly less stimulatory than Mg++ for the synthesis of car- 
bamyl-P but more effective in the transfer of phosphate from 
carbamyl-P to ADP. At higher concentrations Mn*+* is in- 


that most of the experiments reported previously by Grisolia 
and Cohen with glutamate and mitochondria were done under 
conditions optimum for respiration. It is possible that the glu- 
tamate is required solely to protect endogenous acetyl glutamate. 

5 Slightly higher activity was noted in previous experiments. 
Although the conditions were not identical, we think this may 
have been due to traces of either carbamyl-P or citrulline or to 
some mitochondria not affected by the brief heating period used 
for inactivation (18). 
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hibitory. Bacterial carbamate kinase, however, requires lower 
concentrations of Mg++, the optimum effect being at 1 to 2 x 
107% M. 

Requirements and Kinetics—The K,, for acetyl glutamate with 
the frog liver enzyme was found to be 5.9 xX 10-4 mM. The 
animal enzyme shows very high affinity for ammonia (K,,, 
7.1 x 10-4 M) in contrast to the bacterial enzyme (see Table 
VII). Similar effects were found when studying the effect of 
bicarbonate concentration. The A,, for bicarbonate with the 
frog liver enzyme was estimated to be 9.1 x 10-3 M. 

Under the conditions of Assay No. 1 the enzymatic synthesis 
of citrulline and of the intermediate is essentially linear and of 
the same magnitude for 20 minutes with the animal enzymes. 
Although synthesis of citrulline is fairly linear with the bacterial 
system, under the condition of Assay No. 3, accumulation of the 
intermediate is 5 to 10% the amount of citrulline synthesis. 
Table III shows similar effects for a 5-fold range of enzyme 
concentration. Therefore carbamate kinase appears to favor 
ATP formation. At pH 7.4 and in the presence of the glucose 
hexokinase system to regenerate ADP, ATP formation from 
carbamyl-P is 50 times faster than carbamy! phosphate synthesis 
from ATP as measured by citrulline synthesis. 

Requirement for ATP—As shown in Table III in confirmation 
of recent work (7), each mole of citrulline synthesized by the 
carbamyl-P synthetase is accompanied by the release of at 
least twice® as much P;; on the other hand only 1 mole of P; 
appears to be liberated per mole of citrulline synthesized by the 
bacterial carbamate kinase. 

Effect of Carbamate Kinase on Accumulation of Intermediate 
in Animal System—In view of the marked differences in the 
kinetics and apparent equilibrium it should be possible to couple 
synthesis and utilization of a common intermediate by car- 
bamate kinase and carbamyl-P synthetase. Carbamate kinase 
at low concentrations should contribute little to the accumula- 
tion of carbamyl-P, but instead rapidly remove it by catalyzing 
the formation of ATP from ADP and carbamyl]-P, resulting 
ina “feed back” effect. As shown in Table IV the accumulation 
of the intermediate when carbamate kinase is added to the car- 
bamyl-P synthetase system is decreased, however, P; release 
remains equal or higher. As also shown in Table IV this effect 
disappears in the presence of ornithine since this substrate and 
the ornithine transcarbamylase present rapidly convert car- 
bamyl-P to citrulline. 

Effect of Carbamyl Phosphatase on Carbamyl-P and on Inter- 
mediate Formed by Animal and Bacterial Enzyme—As shown in 
Table V, Columns I and II, synthetic and biosynthetic car- 
bamyl-P are decomposed at the same rate, as previously demon- 
strated. However, in the present experiments, carbamyl-P has 


not been isolated to prevent artifacts, and P; has been added to — 


make conditions more stringent. As shown in Columns III and 
IV carbamyl-P accumulation is diminished; however, Pj; libera- 
tion not only continues but actually increases. In other words 
the intermediate is being decomposed and therefore the appar- 
ent synthetic velocity is increased. This effect has also been 
noted with the bacterial system. 


6 Previously, measurements indicated variations between 3 and 
1, depending on whether the experiments were conducted with 
ATP or with crude ATP-regenerating systems. Two moles of 
ATP per mole of citrulline synthesis is a more consistent figure 
in the experiments presented here. The lower figures, previ- 


ously reported, were due to erroneous blanks with crude ATP- 
regenerating systems, as has been previously discussed (25). 
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TABLE III 


Effect of enzyme concentration upon intermediate 
and citrulline synthesis 


Bacterial carbamate kinase, Fraction IV (19), was used for 
experiments of Column I and rat liver ethanol, Fraction B (18), 
for experiments of Column II. The standard conditions of assay 
(No. 3 and 1 for experiments of Columns I and II, respectively) 
were used except that ornithine was excluded as indicated above. 
The samples run without ornithine were chilled at the end of the 
incubation period, deproteinized with 0.5 ml of cold 0.4 m HC1O, 
and centrifuged at 0° for 5 minutes al 600 X g. Aliquots of 1 ml 
of the supernatant fluids were neutralized with 0.2 ml of cold, 
0.25 M NaHCoO,; 50 umoles of Tris buffer, pH 8.5 (7.4 for the liver 
enzyme), 20 umoles of ornithine, and 75 units of rat liver ornithine 
transcarbamylase (Fraction 3) in 0.8 ml were added. After mix- 
ing, the samples were incubated for 5 minutes at 38°. The figures 
in parenthesis are wmoles of P; measured at the end of the incu- 
bation period. 


Citrulline found* 
Ornithine Ornithine 
(X 75 for Column IT) 
8 0.17 1.43 0.78 0.87 
(1.46) (1.79) 
16 0.26 2.34 1.58 1.71 
(2.39) (3.95) 
40 0.51 5.01 3.00 3.35- 
(5.03) (7.05) 
* Values are given as umoles. 
TABLE 


Effect of bacterial carbamate kinase upon synthesis of 
citrulline by frog liver carbamyl-P synthetase 


Kach tube contained: ATP, 16 wmoles; Tris buffer, pH 7.4, 100 
umoles; MgSO,, 20 wmoles; NH,.Cl, 100 wymoles; NaHCO;, 100 
umoles; acetyl glutamate, 10 wmoles; and ornithine, 10 wmoles. 
Three milligrams of protein (frog liver acetone fraction) were 
added as a source of carbamyl-P synthetase. When bacterial 
carbamate kinase was used 2 wg of protein (Fraction IV) were 
added. Fifty micrograms of bacterial ornithine transcarbamyl- 
ase (Fraction LI) were added in all cases. Final volume, 2 ml. 
Incubation time, 25 minutes at 38°. When ornithine was added 
at the end of this period, the reaction was allowed to proceed for 
1 more minute. 


pumoles pumoles 
At the end of 25 minutes oe _ 2.64 8.97 
At the end of 25 minutes _ + 0.10 0.11 
At the end of 25 minutes on + 0.32 9.35 
At the beginning of incu- + _ 3.81 11.52 
bation 
At the beginning of incu- _ + 0.42 0.45 
bation 
At the beginning of incu- + + 3.15 10.35 
bation 
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TABLE V 
Effect of carbamyl-P phosphatase on synthetic and biosynthetic 7 wig? 
carbamyl-P and upon carbamyl-P and P; accumulation 

Each tube contained in 2 ml (in wmoles): ATP, 6 (12, 16 for 
Columns ITI, IV, respectively, none for I); MgSQ,, 20; Tris buffer 6r +NH20 H eee. 
pH 7.4, 50 (100 for experiments of Columns III and IV); acetyl B 
glutamate, 10; NaHCO; and NH,Cl, 30 (replaced by 1.6, carbamyl- O 5b 
P in experimentsof ColumnI). Froglivercarbamyl-P synthetase = 
0.5 mg per tube (0.4 mg for Columns III and IV). Tubes from Oo C 
Columns I and II were incubated for 5 minutes and then acidified Le al 
to pH 6.0 with 0.1 N acetic acid and incubated with the phospha- ap) OPEN SYMBOLS, CITRULLINE 
tase (figures in parenthesis refer to tubes receiving at this time = CLOSED SYMBOLS. INORGANIC PHOS- 
1.5 pmoles of P;) for 5 more minutes. The tubes were then com- oO 3 5 PHATE _— 
pleted with 75 units of ornithine transcarbamylase and 10 umoles = 
ornithine in 0.1 ml and incubated for 1 more minute and citrulline R 
measured. Tubes from Columns III and IV were incubated for 2 + NH,OH 7 anlage a 
20 minutes and the amount of phosphatase indicated was added 
at the beginning of the incubation. Tubes from Column III were 
treated with ornithine and transcarbamylase as described above | 


and citrulline was measured. No ornithine or transcarbamylase 
was added to experiments of Column IV and P; liberation was 
measured. All incubations were at 38°. 


Citrulline found 
‘added 
I II III IV 
mg pmoles pmoles pmoles pmoles 
0.0 1.41 1.45 3.63 5.46 
1.0 0.41(0.72) 0.76 6.51 
2.0 0.22(0.37) 0.38 1.93 7.49 
3.0 8.33 
5.0 0.65 


Effects of Hydroxylamine—Ornithine transcarbamylase is not 
affected by hydroxylamine. However, when hydroxylamine 
replaces ammonia in a carbamyl-P synthetase system release of 
P; is still observed (6,9). The effects of Mg++ and Mn*+ con- 
centration on P; liberation and citrulline synthesis were studied 
with ammonia or hydroxylamine, or with both. The require- 
ment for metal ions is higher with hydroxylamine than with 
ammonia. Concentrations of Mg*+ highly stimulatory with 
ammonia are only slightly effective with hydroxylamine, al- 
though 3 x 10-? m Mn?** is inhibitory with ammonia but less 
so with hydroxylamine. With equal concentrations of ammonia 
and hydroxylamine and the concentration of Mn++ optimum 
for citrulline synthesis, there is some decrease in citrulline syn- 
thesis and in P; liberation. 

Increasing concentrations of hydroxylamine proportionally 
inhibit citrulline synthesis. As shown in Fig. 1, marked inhibi- 
tion of citrulline synthesis is best seen when the concentration 
of hydroxylamine is much higher than that of ammonia, due to 
the higher affinity of carbamyl-P synthetase (of rat and frog 
liver) for ammonia than for hydroxylamine. Attempts to de- 
cide from Lineweaver-Burk plots (26) whether the effect of 
hydroxylamine is competitive with ammonia have been of 
doubtful nature. The inhibitory action of hydroxylamine upon 
citrulline synthesis is not paralleled by a proportional decrease 
in P; release. In fact P; liberation is, in all cases, far above that 
due to citrulline synthesis. The ratio of 2 for P;/citrulline is 
raised to approximately 7 when citrulline synthesis is inhibited 
70% with hydroxylamine. 

The fact that the inhibition of citrulline biosynthesis by 
hydroxylamine is accompanied by a marked increase in Pj/ci- 


5 10 25 50 


wMOLES or NH,OH 


Fic. 1. The effect of hydroxylamine on the enzymatic synthe- 
sis of citrulline. The concentrations of substrates, expressed in 
umoles per 2 ml of incubation volume were: ATP, 16; MgSO,, 
20; Tris buffer, pH 7.4, 100; ornithine, 20; acetyl glutamate, 10; 
NaHCO;, 100. NH,Cl and NH.OH were varied as indicated in 
the abscissa. Curves A show the effect of NH,Cl concentration; 
Curves B reflect the effect of ammonia concentration when 100 
umoles of NH2OH were added to all tubes; Curves C show the ef- 
a ~ increasing NH2OH when the tubes contained 5 umoles of 

4 . 


trulline ratios suggested the possibility that a hydroxamate was 
formed and then decomposed. Chromatographic separation of 
the incubation mixtures as described by Kupiecki and Coon (27) 
did not show evidence for a compound such as described by 
these authors.’ 

As shown in Table VI, at optimum concentrations of Mg*+ 
or Mn++ and acetyl glutamate, hydroxylamine does not affect 
the transfer of phosphate from carbamyl-P to ADP. With 
fairly low concentrations of ADP and no hexokinase, carbamy]-P 
utilization should be increased when hydroxylamine is added if 
it shifts the equilibrium or increases the apparent velocity of 
the reaction. Under the conditions used carbamyl-P utilization 
is roughly the same whether or not hydroxylamine is added to 
the system. Therefore, hydroxylamine operates only on Re- 
action 1. If the noted effect was due to replacing ammonia 
the intermediate of Reactions 1 and 2 could not be the same. 

As indicated in Table VII (Column II) bacterial carbamate 
kinase liberates very little P; with either hydroxylamine or 
ammonia in the absence of ornithine and ornithine transcar- 
bamylase. Column III shows that in the presence of hydroxyla- 
mine the addition of carbamate kinase to carbamyl] phosphate 
synthetase does not increase P; liberation. That acetyl gluta- 
mate or other components might be necessary to show a hy- 


7In spite of the apparent similarities (divalent ions, bicar- 
bonate and ATP), the requirement for acetyl glutamate and the 
inhibition by Zn** indicate that the hydroxylamine effects are 
not related to the hydroxylamine-bicarbonate dependent reac- 
tion of Kupiecki and Coon. 
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TABLE VI 


Effect of hydroxylamine metals and acceptors on transfer from 
carbamyl-P to ADP with frog liver carbamyl-P synthetase 

Each tube contained: carbamyl-P, 2 wmoles; Tris buffer, pH 
7.4, 100 zmoles; ADP, 4 umoles; hexokinase, 25 units; and glucose, 
50 zmoles. Where added, acetyl glutamate, 12.5 wmoles, and the 
enzyme, 2 mg of protein, frog liver acetone fraction. Final vol- 
ume, 2.6 ml. Incubation time, 30 minutes at 38°. The extent 
of the reaction was estimated by adding 10 umoles of ornithine in 
9 ml of water, followed by 3 minutes of incubation and citrulline 
measurements. 
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Carbamyl-P transferred 
Metal added NH2OH added No enzym 

glutamate glutamate system 

pmoles pmoles pmole umole pmoles 
Mg**, 25 0 0.00 0.09 0.66 
Mg**, 25 50 0.08 0.21 0.72 
Mg**, 25 100 0.10 0.30 0.83 
Mn**, 12.5 0 3 0.04 1.07 
Mn**, 12.5 100 0.20 1.25 

Mn**, 12.5 0 0.00* 0.60* 

Mn**, 12.5 100 0 .20* 0.84* 
Mn**, 70 0 0.00 0.85 
Mn**, 70 100 0.00 1.06 


* Only 1 umole of ADP added. No hexokinase, no glucose. 


TABLE VII 


Effect of hydroxylamine on carbamate kinase 
with and without carbamyl-P synthetase 


To each tube in 2 ml the following components, expressed in 
pmoles, were added: Tris buffer, pH 8.5 (7.4 for experiments of 
Column III), 100; ATP, 16; NaHCO;, 100; MgSO,, 10 (20 for ex- 
periments of Column III); 10 of ornithine for experiments of 
Column I, and 10 of acetyl glutamate for experiments of Column 
III; 100 wg of Fraction IV bacterial carbamate kinase added in 
all cases. Tubes from Column I received 50 units of bacterial 
ornithine transcarbamylase (Fraction II) and citrulline was meas- 
ured after 20 minutes incubation at 38°. The figures under Col- 
umns II and III are wmoles of P; found after 20 and 15 minutes 
of incubation at 38°. Figures between parenthesis are controls 
(no carbamate kinase added). 


Citrulline and/or phosphate found 
NHAC! added| NHSOH | Corben 
[ II Ill 
pumoles pmoles mg pmoles pmoles umoles 
10 0 0 1.00 
10 100 0 0.63 
20 0 0 1.40 
20 100 0 0.94 
50 0 0 1.96 
50 100 0 1.36 
100 0 0 2.45 0.21 
100 100 0 1.78 
0 100 0 0.19 
0 100 0.4 5.17 
(5.12) 
0 100 0.8 9.31 
(9.16) 


VIII 


Effect of Zn** on biosynthesis of citrulline with animal 
and bacterial preparations and on phosphate transfer 
from carbamyl-P to ADP with animal preparations 


Final concentrations of substrates for experiments of Columns 
I, II and III were as follows: ATP, 8 X 10°? Mm; MgSO,, 1 X 107? 
M; Tris buffer, pH 7.4, 5 X 10-2 mM; ornithine, 1 K 10-2 m (5 X 1073 
M for the bacterial enzyme); acetyl glutamate, 5 X 10-3 mM (animal 
system); NaHCQOs, 2.5 K 10-2? m (5 & 10°? Mo for the bacterial sys- 
tem); and NH,CI, 5 X 10-2 m. Frog liver, acetone fraction 0.6 
mg per tube for experiments of Column I, 2.3 for experiments of 
Column IV. 2.4 mgof ethanol Fraction B (18) for experiments of 
Column II. 20 and 50 ug of bacterial carbamate kinase and or- 
nithine transcarbamylase (Fractions IV and II, respectively) for 
experiments of Column III. For experiments of Column IV each 
tube contained: carbamyl-P, 2 wmoles; Tris buffer, pH 7.4, 100 
umoles; ADP, 4 wmoles; hexokinase, 25 units; glucose, 50 umoles; 
MgS0O,, 20 umoles, and were added, acetyl glutamate, 10 umoles. 
Incubation time, 25 minutes at 38°. At the end of this period 10 
umoles of ornithine were added and incubated for 3 more minutes. 
Final volume 2.0 ml. 


Citrulline found 


Carbamy|l-P 
Zn** added transferred 
Il III IV 

pmoles pmoles pmoles pmoles umole 
0 3.74 3.36 2.45 0.54 
0.1 3.08 2.87 0.19 
0.2 2.53 1.93 2.45 0.05 
0.5 1.22 0.77 0.00 
1.0 0.45 0.21 2.43 0.00 
5.0 0.09 0.03 1.62 0.00 


droxylamine effect with bacterial preparations is ruled out by 
these experiments. 

That the hydroxylamine effect is related to carbamyl-P syn- 
thesis by the animal synthetases has been strengthened by the 
parallel decrease in activity for citrulline synthesis and P; release 
by hydroxylamine with carbamyl-P synthetase partially in- 
activated by heat in the presence of substrates as previously 
shown (28) and further documented in Table X. 

Effects of Zinc—As shown in Table VIII, both the synthesis 
of carbamyl-P and the transfer of phosphate from carbamyl-P 
to ADP with carbamyl-P synthetase are strongly inhibited at 
very low concentrations of this metal, while much higher con- 
centrations have no effect on bacterial carbamate kinase. In- 
hibition starts with this enzyme at 5 xX 10-3 m Znt+t+. The 
inhibition of carbamyl-P synthetase by Zn++ can be prevented 


or reversed (see Fig. 2) with EDTA. Znt++ is also inhibitory 


with hydroxylamine (although not as much as with ammonia). 
That the effect of Zn+* on carbamyl-P synthetase of frog and 
rat liver is due to the formation of an inhibitory complex with 
the components of the reaction is suggested since more inhibi- 
tion of citrulline synthesis occurs with increase of substrate 
concentrations. However, analysis of A, plots with and with- 
out inhibitor indicated noncompetitive inhibition. 

The inhibition of citrulline synthesis by Zn*++ is accompanied 
by a parallel decrease in P; liberation, in contrast to some other 


divalent ions such as Mg++, Mn++, and Cot++ which increase 


P; liberation at the expense of citrulline synthesis (8). Orni- 
thine transcarbamylase is little affected by Zn*t. 
Effect of Substrates and Cofactors on Thermal Stability of En- 


zymes—As seen in Table IX preincubation of rat liver enzyme 
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Fic. 2. The effect of Zn**+ and EDTA on carbamyl! phosphate 
synthetase. For experiments of Curves A: the concentrations of 
substrates expressed in wmoles per 2 ml of incubation volume 
were: ATP, 16; MgSQ,, 20; Tris buffer, pH 7.4, 100; acetyl] glu- 
tamate, 10; ornithine, 20; NaHCOs, 50; NH;Cl, 50. Zn(COOCH:;). 
added as indicated. 0.46 mg. protein frog liver acetone fraction. 
Where added 2 umoles of EDTA: 25 minutes at 38°. For experi- 
ments of Curves B: a water extract from 40 mg of rat liver washed 
residue acetone powder was preincubated for 10 minutes at 38° 
in 0.65 ml with the Zn(COOCH:;).s at the concentrations indi- 
cated and with 50 umoles of Tris buffer, pH 7.4. At the end of 
this period the indicated components added as for A. Where 
added, EDTA 10 uwmoles. 30 minutes incubation at 38°. For 
experiments of Curves C: the conditions were as for A only that 
ammonia was replaced by NH2OH. 0.4 mg of protein, frog liver 
acetone fraction. 


preparations with ATP or acetyl glutamate at 38° results in a 
slow decrease in enzymatic activity. Preincubation with both 
ATP and acetyl glutamate results in somewhat larger losses in 
activity indicating additive effects. Mg*+ ions which had no 
action when preincubated with the enzyme, potentiate the 
destruction of enzymatic activity by acetyl glutamate but 
protect with ATP or ATP and acetyl glutamate combined. 
ADP, alone or in combination with acetyl glutamate or Mg*t, 
or both, behaves very similarly to ATP. Enzyme inactivation 
at 52° is markedly accelerated by ATP or ADP. In either case, 
the addition of Mg++ or acetyl glutamate is protective. 

At 38° preincubation of frog liver carbamyl-P synthetase with 
ATP and acetyl glutamate or with acetyl glutamate and Mg++ 
results in very slight losses in activity. At 52°, however, as 
shown in Table [X and in confirmation of previous experiments 
(28), considerable loss of enzymatic activity occurs in the pres- 
ence of ATP and of acetyl glutamate. As shown in Table X 
other acetyl amino acids tested were inactive. 

Half-inhibition occurs during preincubation with acetyl gluta- 
mate at 5 to7 X 10-4 M as estimated graphically (26) from the 
data of the table and of other experiments. This is essentially 
the K,, value for acetyl glutamate as an activator of carbamyl-P 
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synthetase. Possibly, the activation and the denaturation proc- 
esses with acetyl glutamate are directly related. 

It is apparent, when comparing (at 38°) the effects of ATP 
and acetyl glutamate on the rat and frog enzyme preparations, 
that the rat enzyme is more unstable. Proteolytic action wag 
excluded since there was no enhancement of enzymatic destruc- 
tion under all conditions tested when rat and frog enzyme 
preparations were preincubated together. Heating the bacterial 
carbamate kinase 5 minutes at 55° resulted in loss of about half 
of the enzymatic activity. This loss was not restored by the 
addition of acetyl glutamate. Addition of ATP or Mg*+ or 
both resulted in almost complete protection. No decrease in 
thermal stability by substrates was noted with ornithine trans- 
carbamylase. The above findings, as previously indicated (28), 
are not due to effects of this enzyme. 


DISCUSSION 


The participation of acetyl glutamate in citrulline synthesis 
in the liver under physiological conditions appears plausible 
although not proved. Although the isolation of acetyl gluta- 
mate from liver (29) is suggestive, either the synthesis proceeds 


TABLE IX 


Effect of ATP, Mg**, acetyl glutamate and ADP preincubation 
with rat liver and frog liver enzyme preparations at 38° and §2° 


Protein, 2.5 mg, (water extract from rat liver mitochondria 
acetone powder) or 0.3 mg of protein frog liver acetone fraction 
were preincubated with 50 wmoles of Tris buffer, pH 7.4. Where 
the compounds indicated above were added during the preincu- 
bation the concentrations were as follows: MgSO,, 10 umoles, 
ATP, 8 umoles, ADP, 4 umoles, and acetyl glutamate, 10 umoles. 
The volume was made up to 1 ml with water. The temperatures 
during preincubation were: 38° for experiments of Columns I and 
III and 52° for experiments of Columns II and IV. At the end of 
the preincubation period the samples were chilled in ice and sub- 
strates were added so that the final concentration in all tubes 
was: ATP, 20 uwmoles; Tris buffer, pH 7.4, 125 wmoles; NH,Cl, 50 
umoles; NaHCOs, 100 umoles; MgSQ,, 25 umoles; acetyl glutamate, 
25 umoles; and ornithine, 20umoles. The final incubation volume 
was 2.5ml. Incubation time, 25 minutes at 38°. 


Citrulline found* 


Additions Rat liver Frog liver 
I (38°) II (52°) | IIL (38°) | IV (52°) 

Acetyl Preincubation time (minutes) 
Mg** | ATP | ADP | gluta- 

4.8) 4.8) 4.6) 5.0) 1.5) 4.1) 4.0) 4.9) 4.3 
+ 4.8) 4.2) 3.9) 5.0) 0.6 4.8) 2.6 
+ 3.9 3.3) 4.5 0.6 
+ 4.8) 4.8) 4.7 4.1) 4.1 
+ 4.6) 4.1) 2.8) 4.6) 3.9 
4.8) 4.8) 4.8) 5.2) 3.4) 4.1!) 4.1] 4.9) 4.6 
+ 4.0 3.6) 4.6) 3.4 
+ | | + | 4.6/3.4! 1.5) 4.8) 4.2! 4.1) 3.8) 4.6 2.6 
+ + 4.6) 3.6) 1.6) 4.5) 1.8) 4.0) 3.5) 4.6) 0.4 
+ 3.9 1.7) 4.0) 2.4 
4.8) 4.6) 4.4] 4.8) 4.4) 4.1) 4.1) 4.8) 4.3 
+ _ 4+ + 4.0 3.6 2 4.1 


* Values are given as umoles. 
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at a very low rate as indicated here and also in previous experi- 
ments (6, 18) or the synthetic material remains bound in the 
mitochondria. The glutamate concentration needed to replace 
acetyl glutamate in mitochondria, even when an adequate ATP- 
regenerating system is provided, is surprisingly high. 

As previously shown the half-life of the biosynthetic inter- 
mediate and of synthetic carbamyl-P agreed well (30). How- 
ever, experiments conducted with limiting amounts of carbamy] 
glutamate (31) and analysis of isolated samples from enzymatic 
systems showed close stoichiometry for Pi, CO2, NH4*, and 
carbamyl glutamate (6), indicating that carbamyl-P and the 
isolated intermediate were not equal. The difficulties encoun- 
tered in this problem are exemplified by the work of Reichard 
et al. (32, 33) which supported this view, although their later 
experiments failed to substantiate it. Hall and Cohen did offer 
a partial explanation (34) for some other observed discrepancies 
(5). The experiments reported here with purified carbamyl-P 
phosphatase (without isolation of the intermediate in order to 
prevent artifacts) strongly suggest that the isolated intermediate 
from mammalian tissues may have been carbamyl]-P. 

Since the equilibrium of the reaction for carbamate kinase is 
toward carbamyl-P utilization, in contrast to carbamyl-P syn- 
thetase, it offered the possibility of testing for a common inter- 
mediate by combining both systems. As shown above coupling 
of these enzymatic systems has been clearly demonstrated. 

The discovery of carbamyl-P phosphatase, led to the proposal 
(6) that rapid carbamyl-P dephosphorylation could alter the 
efficiency of the urea cycle and therefore be related to the specific 
dynamic action of proteins. This proposal has been either 
ignored or misinterpreted. For example, recently Braunstein 
(35) indicates that the utilization of 2 terminal bonds of ATP 
per mole of urea synthesized will be partially responsible for the 
specific dynamic action. The equivalent of 4 terminal phos- 


TABLE X 


Effect of acetyl amino acids on thermal stability of 
frog liver carbamyl phosphate synthetase 

0.5 mg protein, frog liver acetone fraction were preincubated 
for 5 minutes at 56° andl 57° for experiments of Columns I and 
II, respectively, in a 1 ml] volume containing 50 wmoles of Tris 
buffer, pH 7.4, 10 umoles of MgSO,, and where added the com- 
ponents indicated on the table. At the end of the preincubation 
period the samples were assayed as described for Table IX. Fig- 
ures in parentheses correspond to controls (no preincubation). 


Citrulline found 
Compound added during preincubation (umoles) 
1(3.45) II (3.33) 
pmoles moles 
Acetyl t-glutamiec acid, 0.1.................. 1.73 
Acetyl L-glutamic acid, 0.2.................. 1.54 
Acetyl u-glutamic acid, 0.5.................. 0.84 
Acetyl L-glutamic acid, 1.0*................. 0.39 0.00 
Acetyl p,L-aspartic acid, 2.................. 1.76 
Acetyl p,L-methionine, 2.................... 1.75 
Acetyl p,u-alanine, 2....................... 1.87 
Acetyl p,u-leucine, 1.81 


* At this concentration (acetyl glutamate during preincuba- 
tion) when 100 wmoles of NH2OH were used instead of NH,Cl, in 
the assay, 0.73 umole of P; was found whereas in the nonpreincu- 
bated control 6.12 wmoles of P; were found. 
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Ornithine 

3 
Citrulline+ Pi 
+ Pi 


Fic. 3. The effect of carbamyl phosphatase and components 
on P; liberation and on citrulline synthesis. 


phate bonds of ATP are used per mole of urea synthesized. 
This represents some 14 kilocalories for the 4 mole of urea syn- 
thesized per day by the average man or less than 1% of his 
basal metabolism. Clearly urea synthesis per se cannot contrib- 
ute much to the specific dynamic action. However, an ineffi- 
cient urea cycle through hydrolysis of carbamyl-P could con- 
tribute to the specific dynamic action of proteins. This is 
illustrated in Fig. 3. For every mole of carbamyl-P resyn- 
thesized, 2 terminal phosphate bonds of ATP will be used. A 
feed-back mechanism catalyzed by carbamyl-P synthetase and 
phosphatase (shown by / and 2 in Fig. 3) would lead to con- 
siderable breakdown of ATP. Also, since carbamyl-P is very 
unstable, spontaneous decomposition would occur readily when 
the acceptor system (Reaction 3 in Fig. 3) is limiting. The 
resynthesis of the terminal phosphate bond of ATP at the ex- 
pense of respiration by way of oxidative phosphorylation is in- 
dicated by Reaction 4 in the figure. 

The “phosphatase-like” effect of hydroxylamine on carba- 
myl-P synthetase most likely occurs before synthesis of ‘‘ac- 
tive CO,” (see Reaction 1) since (a) hydroxylamine stimu- 
lates P; liberation to almost the same extent as ammonia,’ and 
(6) hydroxylamine does not inhibit transfer from carbamy]-P 
to ADP nor does it stimulate markedly P; liberation from car- 
bamyl-P. 

Since Zn*+* does not release P; at a higher rate than expected 
for citrulline synthesis, in contrast to other divalent ions (8), 
since it inhibits much less with hydroxylamine than with am- 
monia, and since it markedly inhibits phosphate transfer from 
carbamyl-P to ADP, its inhibition is probably more selective for 
the second stage of the biosynthesis of carbamyl-P by animal 
preparations. 

As shown in this paper addition of substrates or cofactors may 
either decrease or increase the thermal stability of frog and rat 
liver carbamyl-P synthetase. Preincubation experiments at 38° 
of rat liver enzyme preparations with acetyl glutamate and ATP 
and Mgt* (9) suggested phosphorylation of acetyl glutamate. 
Marshall et al. (7) have reported, although not documented, 
confirmation of these effects and also activation of purified frog 
liver enzyme after preincubation with acetyl glutamate® in the 


8 The velocity of carbamyl-P formation is not appreciably in- 
creased by its immediate removal with ornithine transcarba- 
mylase and ornithine; therefore, under the conditions used car- 
bamyl-P accumulation is not inhibitory and the reaction is 
proceeding at or near its maximal velocity. 

9 In view of the differences noted during preincubation of rat 
and frog liver enzymes, caution is needed in rigidly choosing con- 
ditions and in interpreting these effects as they relate to the 
mechanism of action of carbamyl-P synthetase. Some of the 
apparent discrepancies referred to above (7) may be due to the 
conditions and type of preparations used. For this reason these 
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absence of ATP. On the basis of this and of failure to demon- 
strate ATP® from ADP* the possibility of acetyl glutamate 
phosphorylation was dismissed (7). On the other hand the 
lack of exchange was used as the criterion for the irreversibility 
of Reaction 1. Lack of isotopic exchange when kinetic or 
equilibrium considerations are unfavorable may be misleading 
as recently discussed by Koshland and Levy (36). These 
negative experiments (7) indicate that traces of carbamyl-P 
synthesis did not occur, or there would have been exchange with 
ADP by way of Reaction 2, and that Reaction 1 is most likely 
irreversible, but in no way exclude phosphorylation of acetyl 
glutamate. This is a rather important point because it has 
recently been shown (37) in experiments with O" that there is 
no exchange with the carbamyl] or carboxyl oxygens of acetyl 
glutamate during citrulline synthesis. It had been shown pre- 
viously that none of the carbon-bonded hydrogen atoms of 
carbamyl glutamate exchanged during the reaction (38) and 
that formyl glutamic acid (6, 22) could replace acetyl or car- 
bamyl glutamate. This indicates that only the acidic nitrogen- 


bonded hydrogen of acetyl glutamate can be reactive, particu- 


larly if anhydride or ester linkages are excluded (37). 

Unless some of the above experiments or conclusions prove 
to be incorrect, it appears likely that acetyl glutamate action 
entails interaction at the nitrogen-bonded hydrogen, perhaps 
with the enzyme. Considering the evidence for interaction of 
animal enzymes with acetyl glutamate® resulting in activation 
or inactivation, or both, presented before (9, 28) and further 
documented here, it appears of extreme interest to study further 
these effects. 


SUMMARY 


1. A comparative study of animal and bacterial preparations 
catalyzing citrulline synthesis is presented. 

2. Fresh rat liver mitochondria synthesize citrulline without 
added acetyl glutamate, particularly if supplemented with 
relatively large amounts of glutamate. However, no evidence 
for biosynthesis of acetyl glutamate or of a similar catalytic 
agent has been obtained with mitochondrial preparations under 
a variety of conditions. It appears from these studies that if 
acetyl glutamate is present or formed in small quantities (and 
this compound has been isolated from liver by Hall and Cohen) 
it remains bound in the mitochondria. 

3. Optimum substrate and cofactor requirements for carbamy] 
phosphate synthetase, carbamate kinase, and ornithine trans- 
carbamylase have been recorded, as well as procedures for par- 
tial purification of the latter enzyme from bacteria and from 
liver. 

4. A common intermediate (most likely carbamyl phosphate) 
for carbamyl phosphate synthetase and carbamate kinase has 
been demonstrated. 

5. The phosphatase-like effect of hydroxylamine on carbamy] 
phosphate synthetase has been found to occur before carbamy] 
phosphate synthesis. 

6. The marked inhibitory action of Zn*++ on carbamy] phos- 
phate synthetase (but not on carbamate kinase) has been shown 
to occur preferentially on one of the partial reactions catalyzed 


effects are extensively illustrated. These experiments are of 
interest also in that they have led us to demonstrate, as will 
be presented elsewhere, that many other enzymes, in contrast 
to the commonly observed behavior, are much less stable to heat 
and other physical treatments in the presence of substrates. 
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by the enzyme (formation of adenosine triphosphate from adeno- 
sine diphosphate and carbamy] phosphate). 

7. The possible relation of carbamyl phosphatase to specific 
dynamic action of protein and related compounds has been dis- 
cussed. 

8. Specific effects of substrates and cofactors in decreasing 
or increasing, or both, the thermal stability of rat and frog 
liver carbamy]! phosphate synthetase have been presented. 

9. Some of the above findings have been discussed in relation 
to the mechanism of carbamy]l phosphate biosynthesis. 
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Recent studies in this laboratory (1) demonstrated the enzy- 
matic synthesis of ribonucleic acid-amino acid complex from 
synthetic amino acyl adenylates and ribonucleic acid, and sug- 
gested the formation of enzyme-bound amino acyl adenylates. 
Further evidence is presented in this communication which indi- 
cates that synthetic amino acyl adenylates react specifically 
with amino acid-activating enzymes to form enzyme-bound 
amino acyl adenylates. Evidence suggesting the enzymatic 
formation of amino acy] adenylates from amino acids and aden- 
osine triphosphate by specific amino acid-activating enzymes 
has been extensively reported (2-11); the isolation of trypto- 
phanyl adenylate from enzymatic reaction mixtures provided 
direct evidence for the formation of such anhydrides (12, 13). 
Previous reports from this laboratory (14-16) and others (17, 
18) indicated that incubation of synthetic amino acyl adenylates 
(labeled with C™ in the amino acid moiety) with rat liver prep- 
arations capable of catalyzing the incorporation of free amino 
acids into proteins, resulted in the incorporation of isotope into 
the proteins and nucleic acids subsequently isolated; however, 
evidence presented indicated that this incorporation was mainly 
due to nonenzymatic acylation. The enzymatic transfer of 
amino acids from amino acyl adenylates to RNA, postulated to 
play an intermediary role in amino acid incorporation into pro- 
teins (19-27), or to microsomal proteins, could not be demon- 
strated under these conditions. It should be noted that several 
synthetic acyl adenylates have been found to participate in 
enzymatically catalyzed reactions (3, 28-32) including the syn- 
thesis of the naturally occurring peptide carnosine (33); indeed, 
the enzymatic formation of ATP from synthetic amino acyl 
adenylates and pyrophosphate has been reported (10-12, 34-37). 

The participation of enzyme-amino acyl adenylate complexes, 
prepared with free amino acids and ATP or with synthetic amino 
acyl adenylates, in the incorporation of amino acids into RNA 
and into microsomal proteins is presented here; the synthesis 
of ATP, indicating a reversal of the amino acid activation reac- 
tion, has also been observed with the same preparations. The 
enzyme complex formed with synthetic amino acyl adenylates 
appears to be indistinguishable in its behavior from that formed 
from free amino acid and ATP. 


EXPERIMENTAL 


Materials—Tryptophanyl and glycyl adenylates were syn- 
thesized as described (16). Radioactive tryptophany] adenylate 


* Supported in part by research grants from the American 
Cancer Society (P-177) and the United States Public Health 
Service (A-1397). 

+ Senior Research Fellow of the United States Public Health 
Service. 


was prepared with pL-tryptophan-3-C™ and had a specific ac- 
tivity of 2 10° ¢.p.m. per umole. Radioactive glycyl adenyl- 
ate was prepared with glycine-1-C™ and had a specific activity 
of 1 X 10’ ¢.p.m. per umole. 

Enzyme-bound amino acyl adenylates were prepared by incu- 
bating purified pancreatic tryptophan-activating enzyme (6) 
with C'-pL-tryptophany] adenylate (1 umole), C'*-glycyl adenyl- 
ate (1 umole), or DL-tryptophan-3-C™ (0.127 umole, 0.5 x 106 
c.p.m.) and ATP (10 uwmoles) in a volume of 1 ml as described 
below. The incubation mixture was diluted with 10 volumes 
of cold water and the pH was adjusted to 4.7 with 1 M acetic 
acid; the precipitated enzyme-amino acyl adenylate complex 
was obtained by centrifugation. The precipitate was _ resus- 
pended in 0.1 m Tris buffer, pH 7.8, and reprecipitated at pH 
4.7; the cyclic precipitation and resuspension of the enzyme 
preparation at pH values of 4.7 and 7.8, respectively, was re- 
peated and the reisolated enzyme was resuspended in 0.1 m 
Tris buffer. 

The RNA used in these studies was isolated from the super- 
natant fraction of fresh beef pancreas homogenates by the meth- 
ods of Kirby (38) and as described by Gierer and Schramm 
(39). Microsomes were sedimented by high speed centrifuga- 
tion from a 20% rat liver homogenate in buffered salt-sucrose 
media (40) after removal of the nuclei and mitochondria (41). 

Methods—Radioactive RNA was isolated from incubation 
mixtures by the procedure described by Hoagland et al. (21); 
after removal of the nucleic acids, the acid-insoluble precipi- 
tates were treated with hot 5% trichloroacetic acid (90°, 15 
minutes), washed twice with 5% trichloroacetic acid at 26°, 
twice with 95% ethanol, and the residual proteins plated for 
radioactivity determination (42). P-labeled ATP was assayed 
by the procedures described by Crane and Lipmann (43) and 
Davie et al. (6). 

RESULTS 


It was previously reported (1) that tryptophan-activating en- 
zyme catalyzed the ATP-dependent incorporation of C'-tryp- 
tophan into pancreatic RNA. In the absence of added RNA, 
radioactivity was recovered in the nucleic acid fraction isolated 
after 20 minutes (Table I, Experiment 1) and 40 minutes (Ex- 
periment 2) of incubation, probably due to the incorporation 
of amino acid into RNA present in the enzyme preparation; 
the addition of RNA (Experiment 3), however, led to markedly 
greater incorporation of C™ into RNA. Preincubation of the 
enzyme, ATP, and C"-trytophan for 20 minutes, followed by 
the addition of RNA and a second 20-minute incubation period 
(Experiment 4) also resulted in significant labeling of RNA; 
the addition of a pool of unlabeled tryptophan to a preincubated 
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TABLE I 
Incorporation of C'4-tryptophan into RNA 


Incubations contained 0.1 mg of tryptophan-activating enzyme, 
0.127 umole of pL-tryptophan-3-C" (5 105 c¢.p.m.), 10 wmoles of 
ATP, 10 mg of RNA, and 20 umoles of C!?-L-tryptophan as stated. 
All incubations contained 100 uwmoles of Tris buffer, pH 7.8, and 
10 pmoles of MgCl.; final incubation volume, 1 ml. Components 
listed in the Prezncubation column were incubated for 20 minutes, 
additions listed under Jncubation column were made and incu- 
bation continued for 20 minutes. 


Ex- 
seme Preincubation components Incubation additions RNA 
No. 
c.p.m 
1 None Enzyme + C'!*-trypto- | 53 
phan + ATP 
2 | Enzyme + C'4-trypto- | None 84 
phan + ATP 
3 | None Enzyme + C'!-trypto- | 292 
phan + ATP + RNA 
4 | Enzyme + C'!!-trypto- | RNA 327 
phan + ATP 
5 | Enzyme + C-trypto- | C!?-tryptophan + RNA | 204 
phan + ATP 


6 | Enzyme + C'!4-trypto- | RNA 0 
phan + ATP + C?- 


tryptophan 


mixture of the enzyme, ATP, and C'-tryptophan (Experiment 
5), resulting in a 320-fold dilution of the labeled L-tryptophan, 
decreased the isotope concentration in RNA by only 40%. In 


Experiment 5, the observation that 60% of the C™ was incor- 
‘porated into RNA under conditions where activation of free 


C'-tryptophan was negligible (see Experiment 6), confirms the 
formation of enzyme-bound tryptophanyl adenylate in incuba- 
tions of tryptophan-activating enzyme, ATP, and C"™-trypto- 
phan. Thus, it is clear that the amino acyl moiety can be 
transferred from this complex to RNA without the intermediary 
participation of free tryptophan. Similar conclusions may be 
drawn from the experiments reported by Hultin and Beskow 
(44, 45). 

Preincubation of tryptophan-activating enzyme with synthetic 
C'-tryptophanyl adenylate followed by addition of RNA dur- 
ing a second incubation period led to significant transfer of ra- 
dioactivity to RNA (1). Nonenzymatic acylation of RNA was 
negligible since the free amino acyl adenylates were completely 
degraded during the preincubation period. Analogous studies 
with C'-glycyl adenylate revealed markedly lower concentra- 
tions of C' in the RNA. The difference in the incorporation 
of C'-tryptophan and C'-glycine into RNA did not appear to 
be due to the RNA; incubation of the pH 5-precipitable fraction 
of rat liver supernatant with ATP, pancreatic soluble RNA, 
and C'-tryptophan or C'-glycine indicated that both amino 
acids were readily incorporated into this RNA preparation. 
The significance of these results is discussed in detail below 
(Table V). It has been observed that RNA labeling is not the 
result of the nonspecific stabilization of the amino acyl adenylate 
anhydrides by protein preparations resulting in the subsequent 
nonenzymatic acylation of added RNA; thus, protein prepara- 
tions other than those containing amino acid-activating en- 
zymes did not catalyze the transfer of amino acid from amino 
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acyl adenylates to RNA when incubated as described above. 
The markedly greater transfer observed with tryptophanyl] aden- 
ylate as compared to the glycine derivative is also consistent 
with this interpretation. These data suggest the participation 
of synthetic amino acy! adenylates in the formation of specific 
enzyme-bound amino acyl adenylate. 

Synthesis of Enzyme-bound Amino Acyl Adenylate—More di- 
rect evidence for the formation of enzyme-bound amino acyl 
adenylates was obtained by the isolation of such a complex from 
enzymatic reaction mixtures. Incubation of 0.3 mg of trypto- 
phan-activating enzyme with pDL-tryptophan-3-C™ plus ATP, 
DL-tryptophanyl-3-C™ adenylate, or glycyl-1-C™ adenylate re- 
sulted in the incorporation of radioactive amino acid into the 
enzyme preparation isolated (Table II). It should be noted 
that DL-tryptophan was used in these experiments; when 2 
umoles of radioactive tryptophanyl adenylate were used, the 
enzyme isolated contained 12.9 mumoles of C'-amino acid per 
mg. Approximately 14 and 5% of the C™ in the enzymes 
labeled with tryptophanyl and glycyl adenylate, respectively, 
were in a peptide-bound form (residual protein) which was not 
released during the protein fractionation procedure; this incor- 
poration into enzyme protein is probably due to nonenzymatic 
acylation of the type observed previously (14-18). Most of 
the remaining radioactivity was released on incubation with 1 
M hydroxylamine, at pH 8 for 30 minutes, or with 5% trichlo- 
roacetic acid suggesting that a major part of the enzyme-bound 
radioactivity was present in a reactive form. 

Transfer of C'-Amino Acid from Enzyme-bound Amino Acyl 
Adenylate to RN A—The results of incubations of enzyme-bound 
labeled amino acyl adenylate in the presence and absence of 
added RNA are shown in Table III. The very low amounts 
of radioactivity present in the nucleic acid fractions isolated 
from nonincubated enzyme preparations and from incubations 
in the absence of added RNA may be due to nonenzymatic 
acylation (14, 16) and to some extent to enzymatic incorpora- 
tion into RNA present in the enzyme preparation; unfortunately 
the extent of labeling and the quantities of RNA available 
were too small to determine the proportion of radioactivity re- 
leased by treatment with hydroxylamine. In the presence of 
added RNA, 3.5, 5.0, and 1.0% of the radioactivity initially 
present in enzyme labeled with C'-tryptophan, C'-tryptophanyl 
adenylate, and C'*-glycyl adenylate, respectively, were recovered 
in the RNA (calculated from Table III, corrected for the per- 


TABLE II 


Incorporation of C'4-amino acids from labeled tryptophan, 
tryptophanyl adenylate, and glycyl adenylate into 
tryptophan-activating enzyme 

Incubations contained 100 wmoles of Tris buffer, pH 7.8, 10 
umoles of MgCle, 0.3 mg of tryptophan-activating enzyme and 
0.127 umole of pL-tryptophan-3-C!* (plus 10 uwmoles of ATP), 1 
umole of adenylate, or 1 umole of glycyl- 
1-C!* adenylate as noted. 


C'4-Amino acid incorporated 


Radioactive precursor 
Residual 


Total protein 


mumoles/mg enzyme 
1.1 (4,600 ¢.p.m.) 0.02 
9.3 (1,810 ¢.p.m.) 1.30 
1.3 (13,600 ¢.p.m.) 0.07 


pL-Tryptophan 
pL-Tryptophany] adenylate 
Glycyl adenylate 
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TAaBLeE III 


Transfer of C'4-amino acids from enzyme-bound amino 
acyl adenylates to RNA 


Incubation additions C4-Amino acid in RNA 

mumole 

Enzyme (Try-AMP) 0 

Enzyme (Try-AMP)? + 0.012 

Enzyme (Try-AMP)>< 0.064 

Enzyme (Try-AMP)* + RNA?® 0. 262 

Enzyme (Gly-AMP)¢ 0.003 

Enzyme (Gly-AMP)4 + RNA® 0.007 


¢ Approximately 0.3 mg of enzyme-C-tryptophanyl adenylate 
complex (0.34 myumole of C'*-tryptophan, 1400 c.p.m.) in 0.1 m 
Tris buffer, pH 7.8, isolated after incubation of tryptophan-ac- 
tivating enzyme, C-tryptophan, and ATP. 

* Ten milligrams of pancreatic soluble RNA. 

¢ Approximately 0.3 mg of enzyme-C"*-tryptophany] adenylate 
complex (2.77 mumoles of C'‘-tryptophan, 550 c.p.m.) in 0.1 Mm 
Tris buffer, pH 7.8, isolated after incubation of tryptophan-ac- 
tivating enzyme and C"'*-tryptophanyl adenylate. 

¢ Approximately 0.3 mg of enzyme-C"*-glycyl adenylate com- 
plex (0.4 mumole of C'*-glycine, 4000 c.p.m.) in 0.1 m Tris buffer 
pH 7.8, isolated after incubation of tryptophan-activating enzyme 
and C'4-glycyl adenylate. 


TaBLeE IV 


Synthesis of ATP from enzyme-bound tryptophanyl 
adenylate and glycyl adenylate 


addition’® ATP® formed 
myumoles 

. 0 

+ 0 
L-Tryptophan 0.79 
L-Tryptophan + 2.44 
L-Tryptophany] adenylate 0.85 
L-Tryptophanyl adenylate + 1.13 
Glycyl adenylate 0.23 
Glycyl adenylate + 0.29 


¢ Two hundred and fifty wgrams of tryptophan-activating en- 
zyme isolated from incubations with 10 wmoles of MgCl., 100 
umoles of Tris buffer, pH 7.2, and 10 uwmoles each of L-tryptophan 
and ATP, L-tryptophanyl adenylate, or glycyl adenylate. 

’ Five umoles of AMP added to incubations of the isolated en- 
zyme? as stated (+). One wmole of radioactive pyrophosphate 
and 10 uwmoles of MgCl. were added concomitantly and incubated 
for 30 minutes in a total volume of 1.4 ml. 

¢ No additions, 10 umoles of hydrolyzed tryptophanyl adenyl- 
ate, or 10 umoles of hydrolyzed glycyl adenylate. 


centage of C'-amino acid isolated in the RNA fraction from 
incubations in the absence of added RNA). Most of the radio- 
activity bound to RNA was released on treatment with hydrox- 
ylamine. Although significant transfer of C'*-glycine was also 
observed, approximately a 5-fold greater transfer occurred with 
tryptophan. 

Synthesis of ATP from Enzyme-bound Amino Acyl Adenylates 
—Unlabeled enzyme-amino acyl adenylate complexes were pre- 
pared with L-tryptophan (plus ATP), L-tryptophany] adenylate, 
or glycyl adenylate as described above. The isolated complexes 
were then incubated with 1 umole of P-labeled sodium pyro- 
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phosphate in the presence and absence oc AMP (Table IV), 
Controls with enzyme preincubated with tryptophan alone or 
with hydrolyzed tryptophany] or glycyl adenylates did not yield 
detectable ATP®. Significant ATP formation was observed 
with enzymes preincubated with the amino acyl adenylates; 
however, ATP synthesis from enzyme-glycyl adenylate complex 
was approximately 25% of that observed with tryptophany] 
adenylate. These results demonstrate the reversal of the amino 
acid activation reaction from enzyme-bound amino acy] aden- 
ylate; they further suggest that glycyl adenylate which is bound 
to the enzyme but to a considerably lesser extent than is tryp- 
tophany! adenylate, can also contribute to ATP synthesis with 
tryptophan-activating enzyme. Tryptophan-activating enzyme 
does not catalyze glycine hydroxamate formation, or glycine- 
dependent exchange of pyrophosphate with ATP. The greater 
synthesis of ATP observed with tryptophanyl adenylate as com- 
pared to glycyl adenylate (approximately 4-fold) is of the same 
order of magnitude as the differences in the binding of the two 
amino acyl adenylates to tryptophan-activating enzyme (Table 
V); an 8-fold greater binding was observed with tryptophany] 
adenylate as compared to glycyl adenylate. However, transfer 
of C'*-tryptophan from the enzyme to RNA was 50 times greater 
than that of C'-glycine. These results indicate that under the 
conditions employed the transfer of amino acid from enzyme- 
bound amino acyl adenylate to RNA is a more specific process 
than the synthesis of ATP observed with amino acy] adenylates, 
pyrophosphate and purified amino acid-activating enzymes pre- 
sented here and reported previously (11, 37). It should be 
noted that the concentrations of the amino acyl adenylates used 
in the experiments with RNA differed from those used in the 
experiments on ATP synthesis. The results obtained suggest 
that the activities responsible for amino acid activation and for 
the transfer of amino acid to RNA may be different; a further 
degree of specificity, however, may be related to the interaction 
of the activating enzyme with specific RNA molecules. The 
synthesis of ATP from synthetic amino acyl adenylates in the 
presence of tryptophan-activating enzyme has been studied in 
detail by Krishnaswamy and Meister (36). 

The increase in ATP® formation observed on addition of AMP 
to incubations of enzyme-bound amino acyl adenylate and radio- 
active pyrophosphate (also shown in Table IV), suggests the 


TABLE V 
Summary of reactions: binding of amino acyl adenylates to trypto- 
phan-activating enzyme; transfer of amino acid to RNA and 
synthesis of ATP from enzyme-bound amino acyl adenylates 


Tryptophany] adenylate 10.2 0.2 0.85 
Glycyl adenylate 1.23 0.004 0.23 


Two uwmoles of pL-tryptophanyl-3-C'! adenylate and 1 umole 
of glycyl-1-C'4 adenylate were used as described in Table LI. 
Results are expressed as mumoles of C'4-amino acid bound to the 
enzyme and are corrected for the amount of C'™ present in the 
residual protein. 

*’ Experimental conditions described in Table II. Results are 
expressed as mumoles of RNA-bound C"-amino acid corrected 
for the amount of C'‘ isolated in the RNA fraction from incubation 
in the absence of added RNA. 

¢ Experimental conditions described in Table IV. 
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transfer of some of the amino acid to RNA in the enzyme prep- 
aration resulting in the formation of RNA-amino acid complex. 
Evidence for reversibility of RNA-amino acid formation, and 
the effect of AMP on this process has been reported (19, 46). 
The possibility that RNA participates in these reactions was 
examined with RwNase-treated enzyme-bound tryptophanyl 
adenylate (Table VI). Formation of ATP was significantly 
decreased when RNase-treated enzyme-amino acyl adenylate 
complex was used; however, the increase in ATP synthesis de- 
scribed above on addition of AMP was also observed with the 
RNase-treated preparations. Although the decrease in ATP 
synthesis with RNase suggests that RNA is involved to some 
extent in these reactions, not all the RNA may have been de- 
graded by RNase as suggested by persistence of the AMP 
effect. A similar result was observed by Ogata et al. (23) with 
a crude rat liver preparation. The possible participation of 
RNA was further examined by addition of RNA to incubations 
of enzyme-bound tryptophany] adenylate 5 minutes before ad- 
dition of P®-pyrophosphate to the incubation mixture (Table 
VI). Considerably less ATP was formed in incubations in the 
presence of RNA suggesting that ATP formation from RNA- 
amino acid complex formed does not occur as readily as from en- 
zyme-amino acy] adenylate complex; the degradation of some of 
the RNA-amino acid under these conditions, with the release of 
free amino acid, could also account for the decrease in ATP 
formed. The addition of AMP to these incubations again re- 
sulted in increased ATP*? formation; the 40% stimulation ob- 
served here, as compared to 25% stimulation in the absence of 
added RNA, is consistent with the belief that some RNA-amino 
acid complex is formed which requires addition of AMP for the 
synthesis of ATP. 

Although tryptophan-activating enzyme does not catalyze 
formation of p-tryptophanyl hydroxamate (6), synthesis of ATP 
from p-tryptophanyl adenylate by this enzyme has been re- 
ported (36, 37). In the present studies, when activating enzyme 


TABLE VI 


Effect of ribonuclease and RNA on ATP synthesis from 
enzyme-bound tryptophanyl adenylate 


Incubation additions?” 
AMP | RNA 

| mumoles 

Enzyme (Try-AMP) 5.96 

Enzyme (Try-AMP) 8.02 

Enzyme (Try-AMP) ribonuclease- —- | = 3.77 
treated¢ 

Enzyme (Try-AMP) ribonuclease- + — 5.69 
treated¢ 

Enzyme (Try-AMP) _ + 2.94 

Enzyme (Try-AMP) +> + 4.99 


“ Five hundred yugrams of enzyme-tryptophanyl adenylate com- 
plex [Enzyme (Try-AMP)] prepared from incubations with L- 
tryptophan and ATP as described above. 

’ Five uymoles of AMP or 10 mg of RNA added as stated (+). 
Incubated for 20 minutes in a total volume of 1.0 ml with 1 umole 
of radioactive pyrophosphate and 10 wmoles of MgCl. RNA, 
where noted, was added to the enzyme preparation 5 minutes 
before the other components. 

¢ Enzyme-tryptophany] adenylate complex prepared from in- 
cubations in the presence of 100 ug of ribonuclease. 
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TABLE VII 


Transfer of C'4-amino acid from enzyme-bound amino acyl 
adenylates to microsomal proteins* 


Enzyme-bound incor- 


Radioactive precursor of enzyme-bound 
porated into protein® 


amino acyl adenylate 


% 
C'4-Tryptophan 3.5 
C'4-Tryptophany]l adenylate 8.9 
C'4-Glycyl adenylate <0.9 


* Incubations contained 0.5 mg of labeled enzyme-amino acyl 
adenylate complex (see Table II for specific radioactivities), rat 
liver microsomes from a 20% homogenate resuspended in buffered 
salt-sucrose media, 0.5 umole of GTP, 0.5 umole of ATP, 10 umoles 
of phosphoenolpyruvate, and 40 yg of crystalline pyruvate kinase 
in a final volume of 1.2 ml. Incubations were carried out for 30 
minutes at 37°. 

> Percentage of enzyme-bound radioactivity in protein isolated 
after sedimentation of the microsomes at 102,000 X g after incu- 
bation; approximately 5 mg of protein. 


previously incubated with D- and L-tryptophanyl adenylate, 
respectively, was reisolated and subsequently incubated with 
P**_pyrophosphate, was not formed from the isomer. 
In contrast to the behavior of p-tryptophany! adenylate, it is 
interesting to note that binding of glycyl adenylate to the 
enzyme apparently occurs under these conditions (Table IV). 

Synthesis of C'-Adenylate-labeled Enzyme-bound Tryptophanyl 
Adenylate—The participation of the adenylate moiety of ATP 
in the formation of enzyme-bound amino acyl adenylate was 
investigated with 8-C'-labeled ATP. It was found that approx- 
imately 1.16 myumoles, presumably of AMP derived from ATP, 
were incorporated into 1 mg of enzyme after incubation with 2 
umoles of C4-ATP and 10 uwmoles of L-tryptophan. Approxi- 
mately 1.3% of the enzyme-bound radioactivity was present in 
the RNA associated with the purified activating enzyme; how- 
ever, under conditions where 3.5% of enzyme-bound C'-amino 
acid was transferred to RNA, incubation of C'-adenylate- 
labeled enzyme-bound amino acyl adenylate with added RNA 
did not lead to the transfer of radioactivity to the RNA sub- 
sequently isolated. These results indicate that the adenylate 
portion of amino acyl adenylates is not the precursor of the 
terminal adenosine in RNA (47-50). The low incorporation 
of radioactivity into the enzyme RNA may be due to the 
activity reported by Hecht et al. (50-52) who found that radio- 
carbon from labeled ATP and CTP, was incorporated into the 


_ terminal sequence of RNA associated with the pH 5-precipitable 


fraction of ascites cell supernatant. 

Transfer of Amino Acids from Enzyme-bound Amino Acyl 
Adenylate to Microsomal Proteins—The results of incubations 
of various enzyme-bound labeled amino acyl adenylates with 
ribonucleoprotein particles are summarized in Table VII. 
Whereas significant incorporation of C'-tryptophan into a pep- 
tide-bound form in the microsomal proteins was observed, neg- 
ligible quantities of C'™-glycine were detected in the proteins 
isolated. The addition of RNA to these incubations did not 
affect the incorporation of C'-tryptophan into proteins. It was 
not possible in these experiments to demonstrate a requirement 
for added RNA in this transfer reaction; it should be noted that 
RNA is present in the activating enzyme and in the liver super- 
natant material adsorbed on microsomes sedimented from a 20% 
homogenate. The extensive incorporation of free C'*4-trypto- 
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phan into microsomal proteins in the presence of ATP and 
tryptophan-activating enzyme, in the absence of added RNA, 
not presented here, is consistent with this suggestion. Simi- 
larly, the addition of a soluble cell fraction, which contains the 
activity responsible for the transfer of amino acids from RNA- 
amino acid complex to microsomal proteins (21, 53), was not 
necessary in these experiments. 


DISCUSSION 


The experimental data presented here provides direct evidence 
for the formation of enzyme-amino acyl adenylate complexes. 
Incubation of tryptophan-activating enzyme with C'*-trypto- 
phan and ATP resulted in the incorporation of C'*-tryptophan, 
in a reactive form, into the enzyme. Incubations with C*- 
labeled ATP and unlabeled tryptophan also led to the isolation 
of radioactive enzyme. Radioactive synthetic tryptophanyl 
adenylate was incorporated into the enzyme preparation, and 
as in the above experiments, most of the C'*-tryptophan was 
present in a reactive form. 

Incubation of unlabeled enzyme-amino acyl adenylate com- 
plexes with radioactive pyrophosphate resulted in the formation 
of radioactive ATP, indicating a reversal of the amino acid 
activation reaction. Smaller but significant amounts of ATP 
were formed with enzyme-bound glycyl adenylate as compared 
to the enzyme-tryptophan complexes. Evidence was obtained 
which suggests the formation of small amounts of RNA-amino 
acid complex with RNA present in the enzyme preparation; 
the increased formation of ATP observed on addition of AMP 
to these incubations, and the decrease observed when ribonu- 
clease-treated enzyme-bound amino acyl adenylates were used, 
are consistent with this suggestion. 

The incorporation of radioactive free amino acids into soluble 
RNA preparations in the presence of amino acid-activating 
enzymes has been reported (20-23, 25, 26). Recent studies by 
Hoagland et al. (21) and in this laboratory (53) demonstrated 
that incubation of isolated RNA-amino acid complex with ribo- 
nucleoprotein particles, ATP, GTP, and a soluble cell fraction 
leads to the incorporation of the amino acid into a peptide- 
bound form in the microsomal proteins. The partial purifica- 
tion of an enzyme from rat liver which catalyzes the transfer of 
amino acid from soluble RNA to microsomes and the require- 
ment for a dialyzable factor in this process have been reported 
(53). These observations have been interpreted as evidence 
for the intermediary role of RNA in amino acid incorporation. 
The results presented here indicate that the amino acyl moiety 
of enzyme-bound amino acyl adenylates, prepared with syn- 
thetic amino acyl adenylates or with tryptophan and ATP, i 
transferred to RNA; the transfer of C'-tryptophan occurred 
a greater extent than that of C'-glycine in these experiments 
with tryptophan-activating enzyme. Although radioactivity 
from 8-C'*-labeled ATP was incorporated into the activating 
enzyme, subsequent incubations with RNA did not result in 
the demonstrable transfer of radioactivity. Evidence has been 
presented which indicates that ATP is the precursor of the 
terminal adenosine of soluble RNA (47-52) and that activated 
amino acids become linked to the 2’- or 3’-hydroxyl group of 
the terminal adenine nucleotide end grouping of this RNA (48, 
49, 52). The results presented here indicate that the adenyl- 
ate moiety of enzyme-bound amino acyl adenylate is not trans- 
ferred to RNA and is not therefore the immediate precursor of 
the terminal adenine nucleotide of RNA-amino acid complex. 


Enzyme-bound Amino Acyl Adenylates 


It should be mentioned that with certain preparations of puri- 
fied activating enzyme, incubation with C'-ATP and RNA led 
to the direct incorporation of radioactivity into RNA; this reac- 
tion, however, was not observed with all preparations indicat- 
ing the presence, in some of these enzyme preparations, of an 
activity responsible for the direct incorporation of C™ from 
labeled ATP into RNA. Therefore, unless the enzyme-bound 
amino acyl adenylate is isolated as carried out in these experi- 
ments, thus removing free ATP from the subsequent reaction 
with RNA, it is not possible to distinguish between the direct 
incorporation of ATP into RNA and the transfer of the adeny- 
late moiety from enzyme-bound amino acyl adenylate to RNA. 

Incubations of radioactive enzyme-bound tryptophany] aden- 
ylate with ribonucleoprotein particles resulted in the incorpora- 
tion of C'-tryptophan into microsomal proteins; analogous 
experiments with C'*-glycine-labeled enzyme, however, did not 
lead to significant labeling of the proteins. 

It appears from these results that synthetic tryptophany] 
adenylates can replace free tryptophan and ATP in the synthe- 
sis of enzyme-bound amino acyl adenylate. The enzyme com- 
plex formed from synthetic amino acyl adenylate behaves simi- 
larly to that formed from the free amino acid and ATP in the 
various reactions which have been postulated in the incorpora- 
tion of amino acids into proteins in vitro; thus transfer of the 
amino acyl moiety to RNA and to microsomes, and the syn- 
thesis of ATP could be demonstrated with isolated enzyme- 
bound amino acyl adenylates. Although glycyl adenylate may 
participate in these processes in the presence of tryptophan- 
activating enzyme, the enzyme shows considerable specificity 
toward the tryptophan derivative. 

It has been assumed that the incorporation in vitro of 
amino acids into proteins is related to the process of protein 
synthesis. Bates et al. (54) observed that the incorporation of 
C'-valine into isolated mitochondria leads to the labeling of 
cytochrome c and that the radioactive amino acid appears in 
the proper sequential positions in the protein. Similar studies 
with proteins obtained from labeled microsomal preparations, 
however, are not available; the significance of the reactions pos- 
tulated in amino acid incorporation in vitro in terms of protein 
synthesis must await further studies with pure proteins obtained 
from such incubations. 


SUMMARY 


1. Enzyme-bound amino acyl adenylates were prepared from 
incubations of tryptophan-activating enzyme with free trypto- 
phan and adenosine triphosphate (ATP), synthetic tryptophanyl 
adenylate, or synthetic glycyl adenylate. 

2. Incubation of the enzyme-tryptophany] adenylate complex 
with pyrophosphate led to the synthesis of ATP. 

3. When enzyme-bound tryptophanyl adenylates (labeled 
with C™ in the tryptophanyl moiety) were incubated with sol- 
uble pancreatic ribonucleic acid (RNA) or microsomal particles, 
significant transfer of radioactivity to RNA or protein-bound 
material in the microsomes was observed. 

4. In analogous experiments, significantly lower incorporation 
of glycyl adenylate into tryptophan-activating enzyme was ob- 
served; similarly, the synthesis of ATP in the presence of pyro- 
phosphate, or the transfer of C% from C'-glycyl adenylate- 
enzyme complex to RNA or microsomal proteins was markedly 
lower than that observed with tryptophan. 

5. Incubations of tryptophan-activating enzyme with 8-C'*- 
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ATP and unlabeled tryptophan led to the incorporation of sig- 
nificant amounts of radioactivity into the enzyme; transfer of 
the adenylate moiety of enzyme-bound tryptophany] adenylate 
to RNA, however, was not observed. 


6. These results provide evidence for the participation of 


enzyme-bound amino acyl adenylates (which may be prepared 
from synthetic amino acyl adenylates) in reactions involved in 
the incorporation in vitro of amino acids into proteins. 


— 
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In a previous report (1) a mechanism for the biosynthesis of 
valine was proposed on the basis of the isotope distributions 
found in the valine obtained from cell substance of Torulopsis 
utilis grown on media containing trace amounts of C-labeled 
acetate and lactate. This scheme involved a condensation of 
pyruvate with acetaldehyde to yield a-acetolactic acid, followed 
by an intramolecular migration of the a-methyl group of a-ace- 
tolactate to the 8 or carbonyl carbon to yield in turn, a-keto-6- 
hydroxyisovaleric acid; a,@-dihydroxyisovaleric acid, and ulti- 
mately; a-ketoisovaleric acid, the keto analogue of valine. | 

A similar mechanism involving an intramolecular migration of 
the ethyl group of a-aceto-a-hydroxybutyric acid, the homologue 
of a-acetolactic acid, was proposed for the biosynthesis of iso- 
leucine (2, 3). Confirmatory evidence that acetolactic acid is a 
precursor of valine has been offered by Umbarger et al. (4), who 
found that acetolactate was accumulated by a valine-requiring 
mutant of Escherichia coli when supplied with limiting amounts 
of valine, and that acetolactate labeled in the a-methyl] position 
was incorporated into valine and its precursor, a,@-dihydroxy- 
isovaleric acid; and by Lewis and Weinhouse (5) who showed 
that acetolactate is produced in Saccharomyces cerevisiae. Addi- 
tional evidence for a role of acetolactate in valine biosynthesis 
was presented in a brief communication (6), in which we reported 
the preparation of a cell-free extract of S. cerevisiae which con- 
verts a-acetolactic acid to a-ketoisovaleric acid. Similar results 
have since been reported by Wagner et al. (7) who showed that 
cell-free preparations of Neurospora crassa mutants convert a- 
acetolactic acid to a,6-dihydroxyisovaleric acid, and that syn- 
thetic a-keto-8-hydroxyisovaleric acid can be enzymatically re- 
duced to the dihydroxy acid, thus further implicating these 
precursors in valine biosynthesis. 

At present we wish to describe our previous experiments in 
more detail and to report the isolation of two enzyme fractions 
from the yeast cell-free preparation. The fraction which con- 
verts a-acetolactic acid to a,@-dihydroxyisovaleric acid will be 
discussed in the current publication; work on the other fraction, 
which converts a,@-dihydroxyisovaleric acid to a-ketoisovaleric 
acid, is being reported separately (8). 


* This work was supported by a grant from the National Science 
Foundation, and aided in part by grants from the American Cancer 
Society and the National Cancer Institute of the National Insti- 
tutes of Health. We wish to express our appreciation to Mr. 
Milton B. Corsey for technical assistance, to Dr. Masatoro Yama- 
shita for the a,8-dihydroxyisovaleric acid, and to Dr. Luther 
Clement of the Rohm and Haas Company for the infrared analyses. 

This work was presented in part at meetings of the American 
Society of Biological Chemists, April 1958 and April 1959. 


EXPERIMENTAL 


Preparation of Extract—Fresh bakers’ yeast (Fleischmann) was 
disrupted by means of a high speed refrigerated centrifuge shaker 
described by Shockman et al. (9). Into a stainless steel chrome- 
plated capsule there were placed 30 g of 0.5 mm diameter glass 
beads, 25 g of fresh yeast, and 20 ml of 0.02 m potassium phos- 
phate buffer, pH 7.2. Two capsules were shaken simultaneously 
at 1800 to 2000 r.p.m., at —27° to —35° for 40 minutes. In most 
preparations it was necessary to add Dry Ice to the refrigerated 
centrifuge to maintain the low temperature required. Under 
these conditions the temperature of the contents of the capsule 
remained between 0° and 5°. The broken cell preparation was 
centrifuged at 2,000 x g for 2 hours to remove beads and cell 
walls and the supernatant was further centrifuged at 80,000 x 
g in a Spinco model L centrifuge for one-half hour. This second 
supernatant was either used as such or was dialyzed against cold 
distilled water for 20 hours. During dialysis, extensive precipita- 
tion occurred within the dialysis bag. The precipitate was either 
dissolved by the slow addition of cold 0.25 M potassium phosphate 
buffer, pH 7.2 (0.75 ml of buffer per 10 ml of dialysate), or the 
two fractions were separated by centrifugation at 80,000 x g for 
30 minutes. In subsequent experiments the supernatant frac- 
tion obtained in this step was used as such, and the sediment 
fraction was dissolved in a volume of 0.02 m potassium phosphate 
buffer, pH 7.2, equal to the volume of the supernatant fraction 
obtained. The protein solutions thus obtained were immediately 
frozen and retained in a deep freeze at —28.8° until further use. 
The protein concentration of the various preparations was de- 
termined spectrophotometrically at 215 and 225 my according to 
the procedure of Waddell (10). The protein concentrations of a 
typical preparation are as follows: crude, 68.6 mg per ml; whole 
dialyzed, 63.7 mg per ml; supernatant fraction, 37.4 mg per ml; 
sediment fraction, 36.3 mg per ml. One pound of yeast (moist 
packed) yielded 120 to 130 ml of crude cell-free preparation. 

Substrates—a-Acetolactic acid was synthesized and prepared 
for use as a substrate exactly as described by Krampitz (11) and 
the naturally occurring optical isomer of a, 8-dihydroxyisovaleric 
acid was prepared according to the method of Sjolander et al. 
(12). Anglyceric and tiglyceric acids, the stereoisomeric re- 
duction products of a-acetolactic acid, were synthesized by modi- 
fications of procedures described by Swern (13) and Penschuck 
(14). Details of these syntheses will be described in a future 
publication. 

Enzymatic Conversion of a-Acetolactic Acid to a-Ketoisovaleric 
Acid—The formation of a-ketoisovaleric acid in enzymatic reac- 
tions was determined by a modification of the procedure of Cav- 
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allini (15). It consisted in conversion to the 2,4-dinitrophen- 
ylhydrazone, followed by paper chromatography, elution, and 
spectrophotometric assay at 510 mu. The reactions were carried 
out in heavy walled centrifuge tubes and usually incubated 4 
hours at 37°. The compositions of the incubation mixtures are 
indicated in the tables. 

At the end of the incubation period the solutions were chilled 
in ice and deproteinized by first acidifying with 0.2 ml of 3 N 
H.SO, and then adding 2.0 ml of tungstic acid solution made by 
dissolving 3.3 g of NazWO,-2 H;0 in 80 ml of water and 20 ml of 
zn HSO, After centrifuging in the cold, 3 ml of 0.2% 2,4- 
dinitrophenylhydrazine in 2 N HCl (10 wmoles of hydrazine per 
ml) were added to each supernatant in 20-ml glass-stoppered 
tubes. The solutions were shaken and allowed to stand at room 
temperature for 20 minutes. They were then extracted with 
successive portions of 6 to 7 ml of ether until the extracts were 
colorless. The ether solutions were evaporated to dryness and 
the residues were dissolved in a mixture of 3 ml of chloroform 
and 1 ml of 1 N ammonium hydroxide. These were transferred 
to 12-ml glass-stoppered centrifuge tubes, shaken vigorously, and 
centrifuged. The ammonia layers, containing the acid hydra- 
zones, were transferred to a second set of glass-stoppered tubes. 
The chloroform layers containing the neutral hydrazones and 
unreacted hydrazine were further extracted with portions of 1 
ml of 1 N ammonium hydroxide until the extracts were colorless 
and the washings were added to the first set of ammonia extracts. 
The ammonia solutions containing the acid hydrazones were 
made slightly acid (pH 1) with 6 N sulfuric acid and were ex- 
tracted with 2 or 3 portions of 1 ml of ether. The ether layers 
were pipetted into 5-ml cups and evaporated to dryness. The 
residues were dissolved in a few drops of 2 N ammonium hydrox- 
ide, the solutions were quantitatively spotted on Whatman No. 
1 paper, and the chromatographs (ascending in all experiments) 
were developed in n-butanol-water- and ethanol (40:50:10) for 2 
days. 

Each 2,4-dinitrophenylhydrazone spot to be analyzed was cut 
from the chromatogram and cut into small pieces. The hydra- 
zone was eluted by twice suspending the paper particles in por- 
tions of 4 ml of 1 N NaOH. The extracts were combined in a 
10-ml volumetric flask and the volume of the solution was 
brought to exactly 10 ml by the addition of a third NaOH wash- 
ing. The solutions were then read at 510 my as described by 
Cavallini (15). 

Identification of a-Ketoisovaleric Acid 2,4-Dinitrophenylhydra- 
zone—To prepare sufficient hydrazone for identification purposes, 
1.5 to 2.0 mmoles of acetolactate were incubated with enzyme 


as described for the small scale experiments. The acid 2,4- | 


dinitrophenylhydrazones were isolated as described and separated 
by strip paper chromatography. The streak with an Ry value 
equivalent to the hydrazone of synthetic a-ketoisovaleric acid 
was eluted by suspending the shredded strip several times in 
portions of 5 ml of 1 N NH,OH. The combined washings were 
chilled and made slightly acid by the addition of 9 N H.SO,y. The 
acid solution was extracted with a small amount of ethyl ether 
and the ether extracts were evaporated to dryness. A small 
portion of the purified hydrazone residue was redissolved in 2 N 
NH,OH and compared on paper chromatograms with the 2,4- 
dinitrophenylhydrazone of synthetic a-ketoisovaleric acid. The 
Rr values obtained in four solvent systems are shown in Table 
II. Another sample of the hydrazone of the enzyme product 
was dissolved in alcohol and its absorption spectrum compared 
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with that of the synthetic material over a wave length range of 
350 to 700 mu. The remaining hydrazone, dissolved in 50 ml of 
ethanol, was reduced to the amino acid by shaking the solution 
for 20 hours in the presence of 30 mg of platinum oxide in an 
atmosphere of 45 to 50 pounds of hydrogen, essentially according 
to the procedure of Towers et al. (16). The amino acid residue 
obtained by filtering the PtO and evaporating the alcohol was 
compared chromatographically in three different solvent systems 
with pure valine with the results shown in Table II. 


RESULTS 


Preliminary experiments revealed that crude yeast extract 
plus a-acetolactic acid produced a keto acid which was not ob- 
served in the absence of either the extract or the substrate (Table 
I). The identity of the hydrazone of this keto acid with the 
hydrazone of synthetic a-ketoisovaleric acid was established, as 
shown in Table II, by comparison of Rp values in four different 
solvents and by reduction of the hydrazone isolated from a strip 
chromatogram to a substance identical chromatographically with 


TABLE I 
Enzymatic conversion of a-acetolactate to a-ketoisovalerate 


Each tube contained 80 umoles of potassium phosphate buffer, 
pH 8.0, 27 uwmoles of neutralized a-acetolactate, and 0.3 ml of 
dialyzed or undialyzed yeast extract, containing approximately 
20 mg of protein (by ultraviolet absorption) and representing 
0.15 g of fresh yeast. Total volume was 1.6 ml and incubation 
was conducted 4 hours in air at 37°. Quantities of a-ketoiso- 
valerate were determined by photometry of hydrazones. 


Enzyme preparation Acetolactate a 

pmoles 
Crude (heated).................... present 0.14 
Dialyzed + crude (heated)........ present 1.83 


TABLE II 
Rp values of synthetic and enzyme products 


2,4-Dinitrophenyl- 


hydrazones 

Solvent system 

Enzyme 

product 
n-Butanol saturated with water............... 0.65 0.66 
n-Butanol saturated with 3% NH,OH......... 0.80 0.78 
n-Butanol-ethanol-water (5:1:4).............. 0.76 0.78 
n-Butanol-formic acid-water (5:1:4)........... 0.95 0.95 


Amino acid from 
reduced 2, 4-dinitro- 


phenylhydrazone 

| Valine 

Phenol saturated with water.................. 0.71 0.71 
sec-Butanol-propionic acid-water (19:1:9).....| 0.30 0.27 
n-Butanol-pyridine-water (6:4:3)............. 0.25 0.25 
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TABLE III 


Enzymatic conversion of a-acetolactate to a-ketoisovalerate- 
cofactor requirements 


Each tube contained 80 umoles of potassium phosphate buffer, 
pH 8.0, 0.3 ml of dialyzed yeast extract (20 mg of protein), and 
where indicated in the table: 0.05 mg of TPN, 0.5 mg of DPN, 1.0 
mg of ATP, 27 umoles of neutralized a-acetolactate, 27 wmoles of 
potassium acetate, 27 ymoles of ethanol, and 15 wmoles of mag- 
nesium sulfate. Total volume was 1.6 ml and incubation was 
conducted 4 hours at 37°. 


Acetolactate Cofactors “valerate 

pmoles 
Dialyzed present DPN 0.14 
Dialyzed present TPN 3.97 
Dialyzed present DPN, ATP, Mg** 2.19 
Crude absent TPN 0.00 
Dialyzed absent TPN 0.05 
Crude present TPN 2.10 
Dialyzed acetate + TPN 0.02 

ethanol* 


* Acetate and ethanol were used in the absence of acetolactate. 


valine.t In addition the two hydrazones had identical absorp- 
tion spectra over a wave length range of 350 to 700 mu. 

The yields of a-ketoisovaleric acid in a typical experiment, 
determined from the hydrazone spots on a paper chromatogram, 
are shown in Table I. Heating in boiling water for one-half 
minute or dialysis in cold distilled water for 20 hours destroyed 
the ability of the crude extracts to produce a-ketoisovaleric acid. 
Addition, however, of the heated preparation to the dialyzed 
extracts restored the original enzyme activity. As shown in 
Table III the activity of the dialyzed enzyme system was also 
restored by addition of 0.05 mg of TPN, a yield of 3.97 umoles 
of a-ketoisovalerate being produced. Addition of DPN had no 
effect in the absence of ATP but addition of DPN and ATP to- 
gether yielded about half as much as TPN. This is consistent 
with the finding that yeast can convert DPN to TPN in the 
presence of ATP (18). 

Since free a-acetolactate was produced by the hydrolysis of 
ethyl acetoxyacetolactate, ethanol and acetate are present in the 
substrate solution. Therefore these two substances, in the ab- 
sence of acetolactate, were tested in the complete enzyme system. 
As shown in the last line of Table III, no kéto acid was produced, 
thus eliminating these substances as the source of a-ketoisoval- 
erate. 

Twenty-four-hour dialysis of the crude yeast extract at 4° 
caused a portion of the protein to precipitate. Centrifugation 
at 80,000 x g produced a supernatant fraction, and a sediment 
fraction which was redissolved in 0.02 mM, pH 7.2 potassium phos- 


1 Because of the possible intermediary formation of a-keto-B- 
hydroxyisovaleric acid we were particularly interested in its pos- 
sible occurrence among the keto acids. Since its 2,4-dinitrophen- 
ylhydrazone has an Fr very close to that of the a-ketoisovalerate, 
the possibility of its presence in small amounts had to be consid- 
ered. We feel, however, that this possibility may be excluded, 
since reduction of the hydrazone of the enzymatically formed ke- 
to acid with either platinum and hydrogen (16) or aluminum 
amalgam (17) produced only valine. When the synthetic keto- 
hydroxy acid was reduced by these means, good yields of 6-hy- 
droxyvaline were obtained. 
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phate buffer. As shown in Table IV, both fractions were es- 
sentially inactive when tested separately in the complete system, 
but were quite active when combined. A mixture of acetolactate 
and the supernatant fraction was incubated for 3 hours, then 
heated in boiling water for approximately 1 minute. The super- 
natant obtained by centrifuging the heat-denatured protein gave 
a negative hydrazone test for keto acid. However, when incu- 
bated an additional 3 hours with the sediment fraction, it pro- 
duced 2.15 umoles of a-ketoisovalerate. A reversal of this pro- 
cedure, incubation of substrate first with the sediment fraction 
followed by heating, centrifugation, and incubation with the 
supernatant fraction produced only negligible yields of a-keto- 
isovaleric acid. This indicated that the supernatant enzyme 
fraction converted a-acetolactic acid to an intermediate which 
was converted to a-ketoisovalerate in the presence of the sedi- 
ment fraction. 

In order to isolate this intermediate, approximately 2.5 mmoles 
of acetolactate were incubated on a large scale with supernatant 
enzyme fraction with the use of the reaction mixture described 
in Table IV. After 4 hours at 37° the mixture was deproteinized 
and the acidified solution was extracted with ether for 2 days. 
The ether extracts, after evaporation to dryness, were chromat- 
ographed on a Dowex 1 (formate form) column as described by 
Busch et al. (19). Fractions of 15 ml of eluate were collected 
and tested with periodate reagent prepared according to Cifonelli 
(20) to determine the presence of dihydroxy acids. Tubes 44 to 
54, the same fractions which contained a,6-dihydroxyisovaleric 
acid in a sample run with synthetic acids, were the only ones 
which gave a positive periodate test. These were combined and 
evaporated to dryness under reduced pressure, yielding 20 mg of 
colorless viscous liquid. 

The identity of the purified enzyme product as a ,B-dihydroxy- 
isovaleric acid was established by comparison with synthetic 
material on paper chromatograms, both substances having similar 


TABLE IV 

Formation of a-ketoisovalerate in fractionated enzyme systems 

Each tube contained 80 ymoles of potassium phosphate, pH 
8.0, 27 umoles of a-acetolactate, 0.05 mg of TPN, 0.3 ml of super- 
natant fraction, and 0.3 ml of solution of sediment fraction (dis- 
solved in 0.02 m potassium phosphate, pH 7.2, to give original 
concentration). Total volume was 1.6 ml and incubation was 
conducted 4 hours at 37°. 


Enzyme fraction 
Substrate isovalerate 
Supernatant Sediment form 
pmoles 
Acetolactate............... present absent 0.20 
Acetolactate............... absent present 0.09 
Acetolactate............... present present 2.07 
Heated product of aceto- 
lactate + supernatant 
Heated product of aceto- 
lactate + sediment frac- 


* Acetolactate incubated with specified enzyme fraction at 37° 
for 3 hours; mixture was then heated in boiling water for 1 min- 
ute, centrifuged, and the supernatant was incubated for 3 more 
hours with the alternate enzyme fraction. 
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Rr values in seven different solvent systems (Table V), by its 
degradation with periodate to yield acetone and glyoxylic acid 
which were identified by means of paper chromatograms, and 
by an infrared spectrum which was practically superimposable 
on that of the synthetic material as shown in Fig. 1. 
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TaBLeE VI 
Formation of a-ketoisovalerate in fractionated enzyme systems 
Each tube contained 80 umoles of potassium phosphate buffer, 
pH 8.0, 27 uwmoles of synthetic a,8-dihydroxyisovaleric acid 
(DHIV) or 3.6 mg of product formed from supernatant fraction + 
a-acetolactate, 0.3 ml of enzyme preparation, no TPN added. 
Total volume was 1.6 ml and incubation was conducted 4 hours 


TABLE V at 37° 
Comparison of Rp values of a,B-dihydroxyisovaleric acid and enzyme 
product _a-Keto- 
Enzyme preparation Substrate 
orm 
,B-Dihy- 
Solvent system product 
inienrete Whole dialyzed......... Synthetic DHIV 3.98 
Ethyl acetate-pyridine-water (5:2:5)...... 0.40 0.41 Supernatant............ Synthetic DHIV 0.50 
n-Butanol-ethanol-water (5:1:4).......... 0.68 0.68 Sediment............... Synthetic DHIV 4.03 
n-Butanol-pyridine-water (3:2:1.5)....... 0.33 0.35 Supernatant + 
Ethyl acetate-acetic acid (glacial)-water Synthetic DHIV 4.60 
n-Butanol saturated with 3% NHs;........ 0.16 0.17 natant + acetolactate 0.10 
n-Propanol-concentrated NH,OH (6:4)....| 0.59 0.58 Sediment.......... ara el Enzyme product from super- 
eo 0.56 0.58 natant + acetolactate 3.31 
FREQUENCY (CM') 
10000 5000 4000 3000 2000 1800 1600 1400 1200 1000 950 850 800 70 700 650 
100 
80 
E 40 : 
[ Z 
20 
1 2 3 4 5 6 7 8 9 10 nN 12 13 14 15 
WAVELENGTH (MICRONS) 


Fig. 1. Comparison of the infrared spectra of synthetic a,8-dihydroxyisovaleric acid and the enzyme product. The heavy line rep- 
resents the spectrum of the optical isomer of synthetic dihydroxy acid, produced from the less soluble quinine salt, and the lighter 


line represents the product of the enzyme reaction. 


As shown in Table VI the synthetic acid incubated with whole 
dialyzed extract produced 3.98 uymoles of a-ketoisovalerate and 
the yield was not enhanced by TPN addition. When the super- 
natant fraction was used alone, very little a-ketoisovalerate was 


formed; however, good yields were obtained when the sediment - 


fraction alone or the sediment fraction plus supernatant fraction 
were incubated with a@,@-dihydroxyisovaleric acid. When the 
enzymatically produced a,@6-dihydroxyisovaleric acid and the 
sediment fraction were incubated 3.31 ywmoles of a-ketoisoval- 
erate were produced, a yield comparable with that obtained from 
the synthetic dihydroxy acid. 

Having established the identity of the dihydroxy acid inter- 
mediate, the reactions of the two enzyme fractions can be repre- 
sented: 


tant 

cH,—C—C—CooH 
CH, 


a-Acetolactic acid 


CH;—C——-CH—COOH 


H; 


a,8-Dihydroxyisovaleric 
acid 


sediment 
fraction 


O 
—COOH — valine 
CH; 
a-Ketoisovaleric acid 


The conversion of a-acetolactic acid to a,8-dihydroxyisovaleric 
acid involves not only a migration of the methyl group from the 
a to the B carbon, but also a reduction of a keto group to a hy- 
droxyl group. Since the over-all reaction occurs in the presence 
of TPN without an added source of hydrogen the question arose 
as to the source of the TPNH. An explanation was offered by 
the presence of an equivalent amount of ethanol in the substrate 
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TABLE VII 


Requirements for enzymatic conversion of 
a-acetolactate to a-ketoisovalerate 


Each tube contained 100 umoles of potassium phosphate buf- 
fer, pH 8.0, 10 wmoles of neutralized a-acetolactate (lyophilized 
or unlyophilized), and 0.15 ml of dialyzed enzyme preparation. 
Also added, where indicated, were 16 uwmoles of magnesium chlor- 
ide, 0.025 mg of TPN, 6 uwmoles of ethanol, and 1.5 mg of TPNH. 
Total volume was 1.5 ml and incubation was conducted 4 hours 
at 37°. 


a-Acetolactate Cofactor 
pmoles 
Untreated Mg** 0.14 
Untreated TPN 0.85 
Untreated TPN, Mg** 1.50 
Lyophilized Mg** 0.03 
Lyophilized TPN, Mg** 0.27 
Lyophilized TPN, Mg**, ethanol 1.07 
Lyophilized TPNH, Mg** 1.73 
Lyophilized TPNH 0.10 
O-KETOISOVALERATE 
FORMED TPNH 
1.20 
TPN 
i 
0.30 0.90 1.50 


MG. PER TUBE 


Fic. 2. Effect of TPN and TPNH concentrations on the pro- 
duction of a-ketoisovaleric acid from a-acetolactic acid. 


produced during the hydrolysis of the ethyl acetoxyacetolactate 
used in the preparation of the free acetolactic acid. Since yeast 
contains a TPN-linked alcohol dehydrogenase (21) the ethanol 
present serves as a source of hydrogen. The presence of such 
an alcohol dehydrogenase was confirmed by the rapid production 
of TPNH from TPN and ethanol in the presence of supernatant 
fraction, determined by increase in absorption at 340 mu meas- 
ured in a Beckman spectrophotometer. Further evidence for 
the operation of an alcohol dehydrogenase is shown in Table VII. 
The addition of TPN and Mg**+ ions to the whole dialyzed en- 
zyme system was sufficient to give good yields of a-ketoisovaleric 
acid (ketovaline). Removal of ethanol by lyophilization of the 
acetolactate preparation greatly reduced the yield of ketovaline. 
Addition, however, of either ethanol or TPNH as a source of 
hydrogen restored the yield of ketovaline. An almost linear 
relationship between added TPNH and the yield of ketovaline 
is shown in Fig. 2. The small amount of keto acid formed in 
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the presence of TPN alone was probably due to other TPNH- 
producing reactions. 

Reasonably good yields of product were consistently obtained 
with the addition of TPN alone as cofactor. However, as can 
be seen in Table VII, the addition of 16 wmoles of MgCl. to the 
dialyzed enzyme almost doubled the yield of ketovaline. 

The direct reduction of a-acetolactic acid would yield a,p- 
dihydroxy-a-methylbutyric acid. The stereoisomers of this di- 
hydroxy acid, tiglyceric and anglyceric acids, were synthesized 
and tested as possible participants in the conversion of aceto- 
lactate toa ,B-dihydroxyisovaleric acid. As shown in Table VIII, 
the sediment fraction, which converts a,#-dihydroxyisovaleric 
acid to ketovaline, had no effect with either of these acids. Both 
acids were also inactive when incubated with the total enzyme 
system which converts acetolactate to ketovaline. These find- 
ings indicate that these acids are probably not direct precursors 
of valine in yeast, but the ability of yeast to reduce acetolactate 
has been proposed by Whiting (22) who isolated a,6-dihydroxy- 
a-methylbutyric acid from apple cider fermented by yeast. 


DISCUSSION 


In Fig. 3 there are presented three possible routes by which 
acetolactate could be converted to a-ketoisovaleric acid. Since 
the direct reduction products of acetolactic acid, anglyceric and 
tiglyceric acids, are enzymatically inactive, the pathway involv- 
ing reduction, followed by a pinacol rearrangement seems im- 


TaBLeE VIII 
Conversion of possible intermediates to a-ketoisovalerate 


Each tube contained 100 uwmoles of potassium phosphate buffer, 
pH 8.0, 16 wmoles of magnesium chloride, 0.15 ml of enzyme prep- 
aration, 10 ymoles of neutralized a-acetolactate, and 5 umoles of 
neutralized anglyceric or tiglyceric acid. Also added, where in- 
dicated, were 6 wzmoles of ethanol and 0.025 mg of TPN. Total 
volume was 1.5 ml and incubation was conducted 4 hours at 37°. 


a-Keto- 

Enzyme preparation Substrate Additions — 
formed 

pmole 

Sediment fraction...... DHIV* 0.56 
Sediment fraction...... Anglycerate 0.02 
Sediment fraction...... Tiglycerate 0.06 
Whole dialyzed. .......| Acetolactate | TPN 0.56 
Whole dialyzed. .......| Anglycerate TPN, ethanol 0.04 
Whole dialyzed........| Tiglycerate TPN, ethanol 0.01 


* a, 8-Dihydroxyisovaleric acid. 


| 
CH3~C- C-COOH 

CH 

Ketol 

rearrangement 
0 OH 
3 C-COOH CH3-C- CH-COOH CH3-C=C-COOH 


cH simul taneous 
rearrangement 
3 and redact ion 


Pinacol 


' 
CH3-CH-C-COOH —> CH3-CH-C-COOH 
Rearrangement 
CH CH 


Fic. 3. Possible mechanisms for the conversion of a-acetolactic 
acid to a-ketoisovaleric acid. 
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probable. The most probable mechanism is a direct rearrange- 
ment of acetolactate to produce a-keto-8-hydroxyisovaleric acid, 
which is subsequently reduced by means of a TPNH-specific 
reductase to a,8-dihydroxyisovalerate. Good evidence for this 
mechanism in Neurospora has recently been supplied by Wagner 
et al. (7) who found that cell-free extracts from valine-requiring 
mutants can convert a-acetolactic acid and a-keto-8-hydroxy- 
isovaleric acid to a,B-dihydroxyisovaleric acid. An alternative 
possibility which has not been ruled out is that the rearrangement 
and reduction steps may occur simultaneously on a TPN-linked 
enzyme complex. Thus, TPN in contact with the enzyme and 
substrate could direct hydrogen to the keto acid intermediate 
with the shift and reduction stages occurring before the product 
is released from the enzyme. 

Establishment of a two-step process, namely, a rearrangement 
step followed by a TPNH-specific reduction of the resulting a- 
keto-G-hydroxyisovaleric acid would require the identification of 
the keto acid as an intermediate. Numerous attempts to isolate 
this substance among the enzyme products have thus far failed. 
Following the publication of Wagner et al. (7), we prepared the 
keto-hydroxy acid and found that our crude yeast enzyme prep- 
aration also reduced the keto-hydroxy acid to the dihydroxy acid 


with TPNH. We also obtained small yields of a-ketoisovaleric _ 


acid when the keto-hydroxy acid was used as a substrate in low 
concentrations, but not when used in high concentrations. This 
still leaves uncertain the intermediate formation of the keto- 
hydroxy acid; it suggests that it may participate, but may also 
be inhibitory in high concentrations. Purification of the enzyme 
preparation is now in progress with the hope that additional in- 
formation may be gained on the detailed mechanism of this en- 
zymatic rearrangement. 

A mechanism similar to the one described here for valine bio- 
synthesis was also proposed by us for the synthesis of isoleucine 
(2, 3); in this there was assumed a migration of an ethyl group 
from a-aceto-a-hydroxybutyric acid to yield the isoleucine carbon 
skeleton. Confirmation of this reaction has been reported in 
two recent publications. Wagner ef al. (7) found a-aceto-a- 
hydroxybutyric acid to be converted to @ ,B-dihydroxy-8-methyl- 
valeric acid in extracts of an isoleucine-requiring Neurospora 
mutant, and Watanabe ef al. (23), in experiments similar to those 
reported here, demonstrated the conversion of a-aceto-a-hy- 
droxyisovaleric acid to the keto analogue of isoleucine. 


SUMMARY 


A cell-free extract from Saccharomyces cerevisiae which carries 
out the conversion of a-acetolactic acid to a-kestoiovaleric acid, 


the keto analogue of valine, has been separated into two fractions . 


M. Strassman, J. B. Shatton, and S. Weinhouse 705 


by extended dialysis and centrifugation. The soluble protein 
fraction carries out the conversion of acetolactate to a,®-dihy- 
droxyisovalerate, a reaction involving the intramolecular migra- 
tion of the a methyl of acetolactate to the B position. Cofactors 
are Mg ions and reduced triphosphopyridine nucleotide. The 
inactivity of anglyceric and tiglyceric acids, stereoisomeric direct 
reduction products of a-acetolactate, excludes a direct reduction 
as the initial step prior to the rearrangement. The reported data 
suggest that migration of the methyl group is followed by reduc- 
tion of the resulting a-keto-8-hydroxy acid, but the alternative 
possibility remains that intramolecular migration and reduction 
occur on the same enzyme. 
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The enzymes that deaminate pyrimidine derivatives of nucleic 
acids have not been well characterized (4). Schmidt (5) has 
pointed out that, “‘very little information is available regarding 
deaminases of the cytosine group of nucleic acid derivatives.” 

Indirect evidence of the existence of cytidine deaminases in 
rabbit liver has been found by Schmidt (6) and, in calf intes- 
tinal mucosa, by Klein (7). The preparation from intestinal 
mucosa apparently does not deaminate cytosine deoxyribonu- 
cleoside (7). The production of ammonia from cytidine has 
been reported to occur in fowl] blood (8). 

Greenstein et al. (9) reported that mouse kidney is capable 
of deaminating cytidine and yeast cytidylic acid, which now is 
known to be a mixture of cytidine 2’- and 3’-phosphates. How- 
ever, as Greenstein (9) pointed out, the deamination of yeast 
cytidylic acid might be preceded by dephosphorylation to the 
nucleoside, since a very active phosphatase is present and cyti- 
dine is deaminated faster than yeast cytidylic acid. 

A cytosine deaminase has been found by Chargaff and Kream 
in bakers’ yeast and in some strains of Escherichia coli (10, 11). 
The preparation from yeast deaminates both cytosine and 5- 
methylcytosine (11). 

Wang et al. (12) found a cytidine deaminase in brewers’ yeast 
and in E. coli. They prepared an extract from the latter organ- 
ism which hydrolytically deaminates only cytidine and deoxy- 
cytidine. 

Cohen (13) described a partial purification of a deaminase 
from E. coli and called the enzyme deoxycytidine deaminase 
because it deaminates deoxycytidine at a rate about 2.5 times 
greater than cytidine. Cohen also reported that the enzymatic 
preparation deaminates 5-hydroxymethyldeoxycytidine at a rate 
that is only 1 to 3% that of the deamination of deoxycytidine. 
Cohen and Barner (14) more recently have found that this 

preparation is also active on 5-methyldeoxycytidine, a deoxy- 
ribonucleoside which, at a concentration that can be considered 
physiological (14), is deaminated at a rate substantially equal 
to that of deoxycytidine. 

Laland et al. (15) have studied the deamination of cytidine 
and deoxycytidine by enzymes from dried barley, and have ob- 


* This investigation was supported by a research grant (C-3401) 
from the National Cancer Institute, United States Public Health 
Service. 

t Presented in part at the [Vth International Congress of Bio- 
chemistry, Vienna, September, 1958 (1). Preliminary accounts of 
this work, have been published (la-3). 


tained a partially purified preparation that exhibited mainly 
deoxycytidine deaminase activity. 

While the mechanisms of enzymatic transphosphorylations 
between deoxynucleotides and ATP in homogenates of sea urchin 
embryos were being studied, it was found (1-3) that homoge- 
nates and acetone powder extracts from unfertilized eggs and 
from embryos of the sea urchins, Paracentrotus lividus and 
Sphaerechinus granularis, are capable of deaminating dCMP 
to dUMP and CH;-dCMP to dTMP by enzymatic hydrolysis. 
These two deaminations occur also in the presence of extracts 
from rabbit liver (16, 17) and embryonic tissues of chicken 
and rat (18). 

In the present work it is reported that preparations which 
directly deaminate (CMP and CH;-dCMP can be obtained 
from unfertilized sea urchin eggs, and evidence is given that 
these two deaminations occur in homogenates of several tissues 
from warm-blooded animals. 


EXPERIMENTAL PROCEDURE 


Reagents—dCMP, CH3-dCMP, dAMP, dGMP, dTMP, de- 
oxycytidine, deoxyuridine, 5-methyldeoxycytidine, 2’ ,3’CMP, 
2’ ,3’UMP, cytosine, 5-methylcytosine, uracil, thymine, cytidine, 
uridine, and inosine were products of the California Corporation 
for Biochemical Research. AMP, CMPJ dCDP, dCTP, and 
Tris were obtained from Sigma Chemical Company. 

dUMP was prepared from dCMP by deamination with nitrous 
acid. For this purpose, 400 uwmoles of (CMP were dissolved 
in 6 ml of 30% NaNOsz, and 0.6 ml of glacial acetic acid was 
added. The solution was kept for 6 hours at room temperature 
and then brought to pH 7.5 with NaOH, and an excess of BaCl. 
was added. The Ba salt of (UMP was precipitated after ad- 
dition of 4 volumes of 95% ethanol. The Ba-dUMP was sus- 
pended in water and the Ba++ was removed with Dowex-50- 
H+. The dUMP was purified by chromatography on Dowex 
1-Cl and reprecipitated as the Ba salt. _Deoxyribose 5-phosphate 
was prepared by acid hydrolysis of dGMP and isolated as the 
Ba salt. Other reagents were analytical reagent grade. 

Chemical Determinations—Inorganic phosphate determinations 
were carried out by the method of Gomori (19). Deoxyribose 
was determined by Brody’s method (20). The corresponding 
deoxyribonucleotides, standardized by total phosphate analysis, 
were used as standards. The orcinol method of Mejbaum (21) 
was used for ribose determinations. Reducing sugars were 
measured by the procedure of Park and Johnson (22); deoxy- 
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ribose 5-phosphate was used as a standard for the determination 
of the reducing sugars. Ammonia was determined colorimet- 
rically with the Nessler reagent prepared according to the for- 
mula of Bock and Benedict (23), after microdiffusion (24) from 
HClO; filtrates of incubation mixtures. Proteins were deter- 
mined with the Folin-Ciocalteau reagent as described by Lowry 
et al. (25); a standard of crystalline serum albumin from Armour 
was used. The spectrophotometric determinations were made 
with a Beckman DU spectrophotometer. 

Ion Exchange Chromatography—Separation by ion exchange 
chromatography was carried out essentially according to Cohn 
(26). 

Paper Chromatography—All the paper chromatograms were 
developed by the descending method. Unless otherwise stated, 
the solvents were prepared as described by Lederer and Lederer 
(27). 

Enzymatic Preparations from Sea Urchin Eggs—Eggs from 
two species of sea urchins were used, Paracentrotus lividus and 
Sphaerechinus granularis. The eggs were collected by agitating 
the ovaries in filtered sea water. The eggs were then passed 
through bolting silk, and washed twice with filtered sea water, 
twice with 3.7% NaCl, pH 5 to 6. After each washing they 
were sedimented by centrifugation at 500 x g for 5 minutes. 
The sedimented eggs were suspended in 10 volumes of 0.1 M 
phosphate buffer, pH 7.4. The suspension was then homog- 
enized at 4° in a Potter-Elvehjem glass homogenizer with a 
motor driven Teflon pestle. The homogenate was centrifuged 


at 35,000 x g at 4° for 45 minutes; the precipitate was discarded, 


and the supernatant was used for the experiments. This prep- 
aration hereafter will be referred to as centrifuged homogenate. 

Acetone powders were prepared from embryos of Paracentrotus 
lividus at the stage of 4 blastomeres. The eggs were collected 
from the ovaries, washed twice with filtered sea water, and 
fertilized. They were cultivated with continuous gentle stirring 
at 15-20° until they reached the 4-cell stage. Then the embryos 
were washed three times with 3.7% NaCl and sedimented by low 
speed centrifugation. All the subsequent operations were per- 
formed in a room at 4°. The sedimented embryos were poured 
in a large volume of acetone at —20° in a Waring Blendor, 
which was operated for 1 minute. The suspension was quickly 
filtered on a Buechner funnel with suction from a water pump; 
then the filter cake was rehomogenized and filtered again as 
above. The precipitate was washed with acetone until the 
filtrate was clear and colorless. The powder was desiccated 
over CaCl, and the last traces of acetone were taken off by 
successive evacuations and readmission of dry air. The acetone 
powder retains its full activity for at least 6 months when kept 
at 4° over CaCl. and under vacuum. The enzymatic extract 
was prepared by grinding 1 g of the acetone powder with 20 
ml of a solution of 0.2 m Tris, 0.13 m KCl, 0.001 m Versene, pH 
7.4, for 15 minutes in a mortar cooled at 4°. After the suspen- 
sion was centrifuged at 4° and 18,000 x g for 25 minutes, the 
precipitate was discarded and the supernatant, which contained 
about 15 mg of protein per ml, was used. 

Enzymatic Preparations from T issues of W arm-blooded Animals— 
As soon as the animal was killed, the tissue was suspended in 
about 4 volumes of 0.1 m phosphate buffer, pH 7.3, and homog- 
enized in a Potter-Elvehjem glass homogenizer. The homog- 
enate was centrifuged for 15 minutes at 4° and at 18,000 x g. 
The supernatant was used for the enzymatic assays. 

Preparation of 5’ Adenylic Acid Deaminase—The AMP-deam- 
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inase was prepared as described by Nikiforuk and Colowick (28). 
Preparation of E. coli extracts—The E. coli extract was pre- 
pared as described by Cohen and Barner (14). 
Viper Venom 5’Nucleotidase—Dried Russel viper venom, 
Stypven, obtained from The Wellcome Research Laboratories, 
England, was used as a 5’nucleotidase. 


RESULTS 


Preliminary evidence that (CMP and CH;-dCMP were en- 
zymatically deaminated to (UMP and to dTMP respectively 
was obtained with centrifuged homogenates from unfertilized 
eggs of Paracentrotus lividus. In a typical experiment, 8 umoles 
of dCMP and 180 umoles of Tris were added to 2 ml of the 
centrifuged homogenate; the pH was 7.2 and the final volume 
3ml. After 30 minutes at 30°, 0.3 ml of 60% HClO, was added; 
the solution was centrifuged at 4°, and the clear supernatant 
was treated with charcoal in order to adsorb the nucleotides. 
The charcoal was washed with H.O and eluted with 50% eth- 
anol-water brought to pH 9 with concentrated ammonia. The 
eluate, after concentration by lyophylization, was chromato- 
graphed on Whatman paper 3MM. The chromatography was 
run bidimensionally; for the first direction the solvent was etha- 
nol-1 m NH, acetate, pH 7.5 (7.5:3, volume for volume) (29), 
and for the second direction the solvent was ethanol-1 m NH, 
acetate saturated with borate, pH 9 (7:3) (30). In this chro- 
matographic procedure, the deoxynucleoside monophosphates 
migrate around the middle of the paper sheet. Elution of the 
deoxynucleoside monophosphate spot, which was located by an 
ultraviolet lamp, gave about 1 umole of a deoxynucleotide with 
ultraviolet spectra of a typical uracil nucleotide. The uracil 
deoxynucleotide was the only deoxynucleotide present. It was 
further identified by separation from standard dCMP by iono- 
phoresis at pH 4.7. 

When 8 uwmoles of CH3-dCMP in place of the 8 umoles of 
dCMP were incubated in the above conditions and the same 
isolation procedure was used, about 1 wmole of dTMP was 
isolated. 

It was realized that the low recovery of deoxynucleotides 
was caused by the isolation technique. 

Enzymatic Preparation of dUMP from dCMP—In a semi- 
macropreparation experiment, 335 ywmoles of dCMP plus 9 
mmoles of Tris were incubated in a final volume of 165 ml with 
70 ml of the acetone powder extract from Paracentrotus embryos. 
The pH was 7.3, the temperature 38°, and the incubation time 
80 minutes. The incubation mixture was then diluted to 1 
liter with H.O and brought to pH 8.2 with NaOH. The frac- 


- tionation was carried out on an ion exchange column as de- 


scribed in Fig. 1. Fraction D was concentrated on a charcoal 
column as described by Pontis et al. (31). The eluate from the 
charcoal column was concentrated by low pressure distillation 
and the nucleotide was precipitated as Ba salt at pH 7.2 with 
an excess of BaBrz and addition of 4 volumes of ethanol. The 
precipitate collected by centrifugation was washed three times 
with 95% ethanol and twice with ether, and then dried in a 
desiccator. The product was 85 mg of a white powder, which 
had no tendency to take up moisture. The powder was sus- 
pended in 2 ml of HO, and 1.5 ml of 0.1 N HCl and a slight 
excess of NasSO, were added. The BaSQO, was centrifuged and 
washed with a small volume of water. When the supernatant 
and the washing were pooled and neutralized, the volume of the 
solution was 5.1 ml. It contained 25.8 umoles of total phosphate 
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Fic. 1. Ion exchange chromatography of the enzymatic incuba- 
tion mixture of (UMP preparation. The material was poured on 
a Dowex 1-X8 formate column, 100 to 200 mesh, with internal 
diameter 1.2 cm and height 60 cm; and 50-ml fractions were col- 
lected. The first 21 factions were deproteinized with HCIO, be- 
fore the absorbancy was determined. In the first liter of effluent, 
A, by subsequent rechromatography on Dowex 50, there were 
identified 42 wmoles of uracil and 14 wmoles of deoxycytidine. In 
fraction B, after rechromatography on Dowex 1-formate, 65 
umoles of (CMP, 3 umoles of deoxyuridine, and 3 ymoles of inosine 
were identified. Fraction C contained 25 wmoles of AMP. Frac- 
tion D contained 185 wmoles of the enzymatically formed uracil 
deoxynucleotide, identified as described in the text. 


1,000 5,000 


per ml and 25 uwmoles of deoxyribose per ml, but no inorganic 
phosphate and no ribose were present. dCMP standardized by 
total phosphate analysis was used as a standard in the deoxy- 
ribose determination. By paper chromatography in several 
solvents and by paper ionophoresis, the solution contained one 
compound only, (UMP. The ultraviolet spectra, Fig. 2, are 
those of a typical uracil nucleotide; the spectrophotometric con- 
stants are the same as those of uridine 5’-phosphate (32); the 
spectrum of the Brody reaction is the same as that obtained 
with dCMP. 

Two hydrolysis procedures were followed in order to determine 
the structure of the dUMP formed by enzymatic deamination. 
Uracil was cleaved by acid hydrolysis with 60% HClO, at 100° 
for 3 hours. By enzymatic hydrolysis with viper venom 5’ 
nucleotidase, it was possible to obtain the nucleoside deoxy- 
uridine (Table I). In Figs. 3 and 4 are shown representative 
chromatograms that identify the uracil obtained by acid hydrol- 
ysis and the deoxyuridine obtained by enzymatic hydrolysis 
from the enzymatically formed dUMP. The two hydrolysis 
procedures were carried out at the same time on dCMP and 
cytosine and deoxycytidine were obtained. 

Finally, the (UMP was compared with the product obtained 
by nitrous acid deamination of dCMP; the two nucleotides had 
identical ultraviolet spectra, and were indistinguishable by 
paper chromatography in several solvents. 

Enzymatic Preparation of dTMP from CH;-dCM P—Twenty- 
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one umoles of CH3-dCMP and 0.3 mmoles of 1 ris were incubated 
in a final volume of 5 ml with 2 ml of the acetone powder extract 
from Paracentrotus embryos. The pH was 7.2, the temperature 
38°, and the incubation time 40 minutes. Tae ion exchange 
separation of the incubation mixture was accojaplished by elu- 
tion from a Dowex 1-chloride column of CH;-dCMP with 
0.002 N HCl and of dTMP with 0.2 n HCl (3). The peak 
eluted with 0.002 n HCl contained 9.1 umoles of organic phos- 
phate, 9.5 umoles of deoxyribose with dCMP as standard, and 
no inorganic phosphate and ribose. In this peak, 9.6 yumoles 
of CH3-dCMP were present on the basis of the »bsorbancy at 
290 my, assuming a, = 11,000 for CH3;-dCMF. The ultra- 
violet spectra of the deoxynucleotide at several pH values were 
equal to those of a sample of CH;dCMP. The peak eluted 
with 0.2 Nn HCl contained 11.3 wmoles of organic phosphate and 
10 wmoles of deoxyribose, with dTMP as a standard; no inor- 
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-200 
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WAVE LENGTH, mw 


210 230 290 
Fic. 2. Ultraviolet spectra of enzymatically formed dUMP. 
Of this solution, 0.08 ml was brought to 25 ml with 0.01 n HCl, 
with 0.001 N NaOH, and with0.1 N NaOH. The pH values were, 
respectively, 2, 10.7, and 13. The absorbancy measurements were 
made with use of the corresponding solvents as blanks. 


TABLE 
Hydrolysis by viper venom 5'nucleotidase 
Conditions: glycine, 200 umoles; MgCle, 10 umoles; viper venom 
5’-nucleotidase, 50 ug; nucleotide concentration in uwmoles as indi- 
cated; final volume, 1 ml, pH 8.5; incubation at 37°. 


2.2 
Incubation | uwmoles 2umoles | 2.6 umoles | 2 umoles | 0.96 umole | 1.1 wmoles 
time of 2’,3’- | of dCMP of UMP | of CMP | ofd of dTMP 
UMP 
min pmoles of P, 
0 0 0 0 0 0 0' 
20 1.9 0.7 2 0.6 
30 0 0.5 
40 0 2 0.8 2 
60 0 2 1.6 0.9 1 
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Kia. 3. Identification by paper chromatography of uracil from dUMP after acid hydrolysis. Solvent A, n-butanol-H.2O, 86:14 (vol- 
ume for volume). Solvent B, n-butanol-H2O-HCOOH, 77:10:13 (volume for volume). Solvent C, n-butanol-H2O, 86:14 (volume 
for volume); chromatographic chamber equilibrated with n-butanol-H2O-NH3, 86:9:5 (volume for volume). 1, cytosine; 2, hydro- 
lvzed dUMP; 3, hydrolyzed (UMP plus uracil; 4, uracil. 


1 2 3 4 5 3 6 


Fic. 4. Identification by paper chromatography of deoxy- chamber equilibrated with n-butanol-H2O-NHs;, 86:9:5 (volume 
uridine from dUMP after enzymatic hydrolysis with viper venom fo, volume). 1, hydrolyzed (UMP; 2, deoxyuridine; 3, hydrolyzed 


5’-nucleotidase. Solvent A, see reference 30. Solvent B, n- . 
butanol-HCOOH-H.O, 77:13:10 (volume for volume). Solvent dUMP plus deoxyuridine; 4, uridine; 5, uracil; 6, hydrolyzed 


C, n-butanol-H.O, 88:14 (volume for volume), chromatographic dCMP plus deoxycytidine. 
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TABLE II 
Assay of deorycytidine 5'-phosphate deaminase activity 


Centrifuged homogenate of unfertilized egg of Sphaerechinus 
granularis (25-9), protein, 0.3 mg; dCMP, 1.1 wmoles; Tris, 30 
umoles. Final volume, 0.5 ml; pH 7.2, incubation at 30°. At the 
indicated times 0.1 ml was removed and 0.1 ml of 10% HClO, was 
added. After high speed centrifugation at 4°, 0.1 ml of the clear 
colorless supernatant was diluted with 2.4 ml of 0.01 n HCl, and 


the absorbancy of this solution was determined. 


Absorbancy 
Time 
at 232 my at 250 my at 267 my at 280 my 
min 
0.5 0.145 0.140 0.435 0.580 
6 0.150 0.160 0.430 0.535 
11 0.150 0.180 0.435 0.490 
AA +0 .005 +0 .040 0 —0.090 
ay (dCMP) 2,600 12,300 
ay (dUMP) 7,200 3,700 
Aay 0 +4,600 0 —8, 600 


Assay of 5-methyldeoxrycytidine 5'-phosphate 


The conditions were the same as those described in Table II 
except for the substitution of 1.2 wmoles of CH;-dCMP for dCMP. 


TABLE III 


deaminase activity 


Absorbancy 
Time 
at 232 at 200 my at 273 my at 290 mu 
0.5 0.115 0.185 0.420 0.500 
6 0.110 0.200 0.425 0.460 
11 0.115 0.220 ().425 0.430 
AA 0) +0 .035 +0 .005 —(0.070 
ay (CH;-dCMP 3, 200 11,000 
‘iy (UTMP) 8, 400 1,900 
Atiy 0) +5, 200 0 —9,100 


ganic phosphate and no ribose were present. The ultraviolet 
spectra were indistinguishable from those of dTMP. From 
the absorbancy at 260 my, pH 2, 10.6 wmoles were calculated 
to be present, with the nucleotide assumed to be dTMP. The 
isolated deoxynucleotides were compared with standard samples 
of CH3-dCMP and of dTMP by paper ionophoresis and by 
paper chromatography in several solvents; the compounds were 
indistinguishable from the standards. The deoxynucleotides 
were subjected to acid hydrolysis with 60% HClO, in a boiling 
water bath for 3 hours; after absorption on and elution from 
charcoal and concentration by lyophylization, 5-methyleytosine 
and thymine respectively were identified by paper chromatog- 
raphy with the solvents of Fig. 3. Finally, the isolated dTMP 
was shown to be a 5’-nucleotide by hydrolysis with viper venom 
5’nucleotidase (Table I). 

Spectrophotometric Assays of the Enzymatic Deamination of 
dCMP and of CH;dCMP—The enzymatic deamination of 
dCMP and of CH;-dCMP may be followed by absorbancy 


Vol. 235, No. 3 


determinations in the ultraviolet as described in Tables II and 
III. Figure 5 shows the dependence of the dCMP and oi the 
CH;-dCMP deamination upon the amount of enzyme acded 
with the centrifuged homogenate of unfertilized Sphaerechinus 
granularis eggs. 

Spectrophotometric assays have been used in order to deter- 
mine the stoichiometry, the pH optimum, the specificity in 
respect to several possible substrates, and the distribution of 
the (CMP and CH3-dCMP deaminations (see below). 

Stoichiometry of the dCMP and CH;-dCMP Deaminations —In 

‘ables IV and V are described experiments which were carried 
out in order to determine the mechanism of the reactions. One 
umole of NH; is set free per umole of deoxynucleotide that is 
deaminated as measured spectrophotometrically. The fact that 
during the incubation there is no variation in reducing sugars 
and in inorganic phosphate further indicates a direct deamination 
of (CMP and CH;-dCMP. 

pH Optimum—The dependence of the rate of dCMP deami- 
nation, as measured spectrophotometrically, upon the pH is 
shown in Fig. 6. The pH optimum is around 7.2. A curve 
similar to that in Fig. 6 is obtained in the case of the CH3-dC MP 
deamination. These experiments were performed with the ace- 
tone powder extract as enzyme source and with the universal 
buffer of Teorell and Stenhagen (33). 

Specificitty—A number of possible substrates have been tested 
with the acetone powder extract. dCMP, CH3-dCMP, and 
CH.OH-dCMP were the only compounds that were deaminated 
(Table VI). 

Stability of the Enzymatic Preparations—The acetone powder 


if 
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Fic. 5. Dependence of the rate of the dCMP- and CH;-dCMP- 
deamination upon the amount of enzyme added. The conditions 
were the same as those of the standard enzyme assays described 
in the text. The enzymatic preparation was a centrifuged ho- 
mogenate from unfertilized Sphaerechinus granularis eggs (25-9). 
The enzyme solution contained 7.5 mg of protein per ml. Ab- 
scissa, ml of enzyme solution. Ordinate, for (CMP, AA X 108 at 
280 my per 10 minutes, and for CH;-dCMP AA X 10? at 290 my per 
10 minutes. 
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TaBLeE IV 
Stoichiometry of deoxycytidine 5'-phosphate deamination 

dCMP, 18 umoles, and Tris, 600 uzmoles, were incubated with 3.6 
ml of an acetone powder extract containing 12 mg of protein per 
ml, in a final volume of 9 ml at pH 7.2 and at 30°. At the indicated 
times suitable aliquots were taken for the spectrophotometric 
assay, for NH; determinations, for reducing sugar determinations, 
and for inorganic phosphate determinations. 


Time dUMP NHs3 Reducing sugar Pj 

ee min mM mM mM mM 
0 0 1.4 1.7 2.5 

10 1.06 2.4 1.7 2.5 

20 1.41 2.8 1.7 2.5 

40 2.0 3.2 1.7 2.6 

60 2.0 3.1 1.7 2.7 

80 2.0 3.2 

A 2.0 1.8 0 0.2 

TABLE V 


Stoichiometry of 5-methyldeoxycytidine 5'-phosphate deamination 
The conditions were the same as those given in Table IV except 
for the substitution of 18 wmoles of CH3;-dCMP for dCMP. 


Time dTMP NHs3 Reducing sugar Pj 
min mM mM mM mM 
0 0 1.4 1.7 2.5 
10 1.25 2.6 1.7 2.5 
20 1.61 3.0 1.7 2.5 
40 1.89 3.2 1.7 2.5 
60 2.11 3.3 Oe 2.5 
80 2.08 3.3 1.7 2.5 
A 2.08 1.9 0 0 


extract, kept at 4°, loses about half of its activity in 5 hours. 
The centrifuged homogenate at 4° loses about half of its activity 
in 24 hours. 

The enzymatic preparations can be extensively dialyzed with- 
out any loss in activity due to the dialysis. 

All the enzymatic preparations are completely inactivated by 
heating for 2 minutes in a water bath at 90°. 

Solubility of dCMP- and CH;-dCMP-Deaminase Activities— 
The enzyme activities are not bound to any cellular substruc- 
ture. The activities were completely recovered in the final 


supernatant of sea urchin egg homogenates after elimination . 


of first the nuclei, then the mitochondria, and finally the micro- 
somes by fractional centrifugation. Two homogenizing media 
were used in these experiments, either 0.25 m sucrose, or 0.5 
mM KCl, 0.03 m phosphate, and 1 mm Versene (pH 7.3). The 
final centrifugation to eliminate the microsomes was run at 
105,000 xX g for 3 hours. 

Distribution—The relative specific activities of the (CMP and 
of the CH3-dCMP deamination have been determined in differ- 
ent batches of unfertilized eggs of two species of sea urchins, 
Sphaerechinus granularis and Paracentrotus lividus, in Sphae- 
rechinus granularis embryos at different stages of development, 
and in several tissues from warm-blooded animals (Table VII). 

It seems safe to assume that the spectrophotometric assays 
measure the direct deamination of dCMP and of CH3-dCMP 
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also when tissues from warm-blooded animals are used because 
of the absence of spectral variations in the assays when, instead 
of the deoxynucleotides, the corresponding deoxynucleosides or 
bases are used as substrates. Rabbit liver homogenates are 
an exception insofar as they produce some significant spectral 
variations when deoxycytidine and 5-methyldeoxycytidine are 
used as substrates in place of the deoxynucleotides. Here, 
however, the spectral variations were one-fifth those found to 
occur when the deoxynucleotides are used (17). 


QA 280 mp /10' 
S 


5 6 7 8 
pH 
Fic. 6. Dependence of the rate of (CMP deamination upon the 
pH 


TABLE VI 


Action of the Paracentrotus acetone powder extract on several 
purine and pyrimidine derivatives 


The concentration of the substrates in the incubation mixture 
was as indicated. Acetone powder extract, 6 mg of protein per 
ml of incubation mixture. Tris, 60 wmoles per ml of incubation 
mixture. pH 7.3 at 30°. The absorbancy determinations were 
made on the protein-free filtrate as described in Table IT. 


Compounds* Time AA 
| 
mM my min 
dCMP 4.5 280 10 —0.140 
dCMP 3.4 280 10 —0.120 
dCMP 2.7 280 10 — 0.085 
CH;-dCMP ye 290 10 —0.120 
CH;-dCMP 1 290 10 —0.110 


* The following, at 1 or 2 mM and in 20 minutes under these con- 
ditions, gave a AA of zero at the appropriate wave length: deoxy- 
cytidine, cytidine, 5-methyldeoxycytidine, cytosine, 5-methyl- 
cytosine, cytidine 2’-, 3’-, and 5’-phosphates, deoxycytidine di- 
or triphosphates, deoxyadenosine and deoxyguanosine 5’-phos- 
phates, adenosine 2’-, 3’-, and 5’-phosphates. CH.2OH-dCMP, 
samples of which were kindly supplied by Dr. 8. S. Cohen and Dr. 
A. Kornberg, is deaminated by a purified enzyme preparation from 
sea-urchin eggs.! | 
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TABLE VII 


Specific activities of deoxycytidine- and 5-methyldeoxycytidine 5'- 


phosphate deaminations in centrifuged homogenates from 
sea urchin eggs and embryos, and from tissues of 
warm-blooded animals 

The conditions of the assays were the same as those described 
in Tables II and III, except that about 5 times more protein was 
used wherever necessary to obtain a significant spectrophoto- 
metric change. The dCMP-deaminase specific activity was 
measured as AA at 280 muy, multiplied by 10’, per 10 minutes and 
per mg of protein. The CH;-dCMP deaminase specific activity 
was measured as AA at 290 my, multiplied by 10%, per 10 minutes 
and per mg of protein. 


Spectrophotometric readings 
Source 
a* bt a/b 
Sphaerechinus granularis 
Unfertilized eggs 290 220 1.3 
190 190 1.0 
300f 240f 
164 127 1.3 
118 205 0.6 
100 100 1.0 
180 170 1.1 
Gastrula 70 65 1 
Prism 40 70 0.6 
Paracentrotus lividus 
Unfertilized eggs 16 100 0.2 
13 52 0.25 
8 27 0.3 
11 37 0.3 
Chick embryo liver 40 35 1.1 
Rat embryo liver 30 18 1.7 
Embryonic rat tissues 34 29 1.2 
Adult rabbit liver 17 13 1.3 
Regenerating rabbit liver 28 24 1.2 


* a, deoxycytidine 5’-phosphate deaminase activity. 

t b, 5-methyldeoxycytidine 5’-phosphate deaminase activity. 

t This is the same preparation described in Tables II and III 
and in Fig. 5. 


Experiments with AM P-Deaminase and with E. coli Extracts— 
AMP-Deaminase from rabbit muscle does not deaminate (CMP 
and CH;-dCMP, although it has a powerful AMP-deaminase 
activity. 

The E. colt extracts deaminated cytidine and deoxycytidine, 
as has been reported (12, 13), but did not deaminate (CMP and 
CH;-dCMP. The enzymatic determinations were also made 
with the spectrophotometric assay described above. 


DISCUSSION 


The experiments with sea urchin egg preparations demonstrate 
the enzymatic deamination by hydrolysis at the nucleotide level 
of dCMP to dUMP and CH3;-dCMP to dTMP. The reactions 
can be represented by the following equations: 


dCMP + H:O — dUMP + NH; 
CH;-dCMP + H.O — dTMP + NH; 


This conclusion is justified by several observations. (a) It is 


possible to obtain dUMP and dTMP in high yield by deamina- 
tion of (CMP and CH;-dCMP, respectively, with extensively 
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dialyzed preparations from centrifuged homogenates and from 
acetone powder extracts of sea urchin eggs. (b) It is shown 
that the corresponding nucleosides and bases are not deaminated 
in the range of concentrations used for both enzyme and sub- 
strate. (c) There is very low phosphatase activity in the seq 
urchin egg preparations as shown, for instance, by the isolation 
of 75% of added dCMP, after incubation for 80 minutes at 38°, 
as nucleotides. (d) A stoichiometric quantity of ammonia js 
set free during the reaction. Furthermore, the centrifuged ho- 
mogenate of Sphaerechinus granularis eggs has been fractionated 
by standard protein fractionation techniques.! <A fraction was 
obtained that had a (CMP and CH3-dCMP-deaminase specific 
activity 60 times higher than the starting centrifuged homoge- 
nate. This partially purified fraction quantitatively converts 
dCMP or CH;-dCMP respectively to (UMP or dTMP. 

The very high specificity of the dCMP and of the CH;-dCMP 
deamination is of interest. Further work is necessary to deter- 
mine whether one enzyme with 6-aminopyrimidine deoxyribo- 
nucleotide deaminase activity catalyzes both reactions or 
whether two individual enzymes are present. 

No equivalent deamination at the purine deoxyribonucleotide 
level exists in the sea urchin eggs; dAMP and dGMP can be 
recovered unchanged after incubation with homogenates of sea 
urchin eggs. Acetone powder extracts from Paracentrotus livi- 
dus do not contain AMP-deaminase. Sugino et al. (34) found, 
in the acid soluble fraction from sea urchin eggs, deoxyribosy] 
compounds that could be detected by microbiological assay 
only after digestion with viper venom preparations. One of 
these masked deoxyribosyl compounds was identified as deoxy- 
cytidine diphosphate choline (35). Potter et al. (36) found 
pyrimidine deoxyribonucleotides in the acid-soluble fraction of 
calf thymus; neither dUMP nor purine deoxyribonucleotides 
were found. Potter and Buettner-Janusch (37), and Schneider 
and Rotherham (38) reported the existence of deoxycytidine- 
diphosphate ethanolamine and of deoxycytidine-diphosphate 
choline in animal tissues. The findings of these authors indicate 
that pyrimidine deoxyribonucleotides may have some other 
function beyond that of being DNA precursors. 

The studies on the distribution of the deamination of (CMP 
and CH;-dCMP indicate that the reactions are catalyzed by 
several tissues from warm-blooded animals. The direct deami- 
nation is indicated by specificity experiments and by the isolation 
of the deaminated deoxynucleotides. The yield of the deami- 
nated deoxyribonucleotides, however, is low, probably because 
of side reactions and succeeding reactions. Purification work 
on tissues of warm-blooded animals has not as yet given satis- 
factory results. The purification is hindered by the lower ac- 
tivity and the higher lability of these preparations compared 
to those from sea urchin eggs. Preliminary experiments show 
that it is possible to obtain (UMP and dTMP from dCMP and 
CH;-dCMP, respectively, by incubating them with protein 
fractions prepared by ammonium sulphate precipitation of cen- 
trifuged homogenates of rabbit liver and of rat embryos. 

An interesting fact is that the dCMP- and CH;-dCMP-deam- 
inase activities decrease during development in the sea urchin 
embryo (39), in the chick embryo, and in the rat embryo (18), 
and increase during liver regeneration in the rabbit liver after 
partial hepatectomy (40). 

Very recently Maley and Maley (41) reported that dUMP 


1 Unpublished experiments by E. Scarano, L. Bonaduce, and 
B. De Petrocellis. 
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is formed from dCMP in the presence of homogenates of em- 
bryonic rat tissues and of neoplasms. 
At present it is difficult to understand the function of the 


- deamination of dCMP and CH;-dCMP; it is not even possible 
- to determine whether only one reaction is significant or whether 


both reactions have a physiological meaning. 


SUMMARY 


Deoxycytidine 5’-phosphate and 5-methyldeoxycytidine 5/- 
phosphate are converted by extracts of sea urchin eggs to deoxy- 
uridine 5’-phosphate and deoxythymidine 5/’-phosphate, respec- 
tively, by hydrolytic deamination at the nucleotide level. These 
hydrolytic deaminations occur in several tissues from warm- 
blooded animals and may be followed quantitatively by spectro- 
photometric assay. 

Deoxycytidine 5’-diphosphate, deoxycytidine 5’-triphosphate, 
deoxycytidine, 5-methyldeoxycytidine, cytidine 2’-, 3’-, or 5/- 


_ phosphates, cytidine, cytosine, 5-methylcytosine, deoxyadeno- 


sine 5’-phosphate, deoxyguanosine 5’-phosphate, and adenosine 
2’., 3’-, or 5’-phosphates are not deaminated by these extracts. 

The evidence does not permit a decision as to whether only 
one enzyme with 6-aminopyrimidine deoxyribonucleotide de- 
aminase activity is present or alternatively whether two indi- 
vidual enzymes catalyze the reactions. 
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Note Added in Proof—A protein fraction, purified 600 to 1,000 
times, has been obtained starting from the centrifuged homoge- 
This en- 


—ayme fraction catalyzes the hydrolytic deamination of dCMP 
dUMP, of CH;dCMP to dTMP and of CH,OHdCMP to 


CHAOOHdUMP. This fact very strongly indicates that one en- 
zyme with 6-aminopyrimidine deoxyribonucleotide deaminase 
activity 1s present. 
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It has been established that pipecolic acid is a product of lysine 
dissimilation in the rat (1), in plants (2), and in Neurospora (3). 
Its formation in the rat was shown to involve loss of the a-amino 
group of lysine and not the ¢-amino group. This led to the 
proposal that ¢-Amino-a-ketocaproic acid is the precursor of 
pipecolic acid (1). <A similar proposal has been made for the 
pathway of pipecolic acid formation in Neurospora (3). 

A small conversion of lysine-6-C" to radioactive a-aminoadipic 
acid was demonstrated in guinea pig liver homogenate by Bor- 
sook et al. (4). These authors also indicated that a-aminoadipic 
acid is further metabolized to glutaric acid by way of a-keto- 
adipic acid (5). Isotope-trapping experiments carried out in 
the intact rat, demonstrated that L-lysine-6-C™ as well as DL-a- 
aminoadipic acid-6-C™ give rise to glutarate (6). The above 
data, and the finding that e-N'*-lysine yielded a large amount of 
N'5-labeled pipecolic acid, as well as a small enrichment of 
N!® in isolated a-aminoadipic acid, led to the proposal that 
pipecolic acid occupies a central role on the catabolic pathway 
of lysine (3). 

Meister (7) prepared €-amino-a-keto-caproic acid by deamina- 
tion of ecarbobenzoxylysine with L-amino acid oxidase from 
snake venom. After removal of the carbobenzoxy group, the 
product was found to be in equilibrium with its cyclic form, 
A'-piperidine-2-carboxylic acid. This observation was also 
made by Boulanger and Osteux (8) who obtained the material 
by the action of turkey liver “amino acid dehydrogenase” on 
L-lysine. Enzyme preparations from many tissues of the rat, 
including brain, liver, kidney, and muscle, readily reduce A’- 
piperidine-2-carboxylic acid to pipecolic acid (9). TPNH or 
DPNH are required for the reaction. This reduction also takes 
place in microorganisms (9, 3). Thus, there seems to be ample 
justification for accepting the metabolic pathway: lysine — e- 
amino-a-ketocaproic acid — A!-piperidine-2-carboxylic acid — 
pipecolic acid. On the other hand, no direct evidence appears 
to have been put forth in support of the later steps of the pro- 
posed degradative pathway of lysine, that is, from pipecolic 
acid onward. In order to clarify this part of the pathway, p1- 
pipecolic acid-2-C was prepared and its metabolism investi- 
gated in the rat, in vivo, and in vitro. The results of these experi- 
ments, and of experiments carried out with a-aminoadipic 

acid-6-C™ and glutaric acid-1 ,5-C™ are reported here. 


EXPERIMENTAL 
Synthetic Procedures 


Radioactive Substrates—v1-Pipecolic acid-2-C'* was prepared 
according to Meister (7) by the enzymatic deamination of e- 
* Aided by research grants from the American Cancer Society 


(T-89A) and the National Cancer Institute (CY-3175), National 
Institutes of Health, Bethesda, Maryland. 


with dried snake venom (Crotalus 
adamanteus), followed by hydrogenation of the intermediate 
product. The pL-pipecolic acid-2-C™ was isolated by fractional 
elution from a column of Dowex 50! with 2N HCl. A consider- 
able amount of radioactive by-product came off the column in a 
radioactive peak before pipecolic acid. The fractions containing 
the pL-pipecolic acid-2-C™ were combined, dried, and the residue 
was recrystallized from ethanol-acetone after treatment with 
Norit. The final product was shown to be pure by paper chroma- 
tography, radioautography, and ion exchange chromatography 


(Dowex 50). The yield was 96 we or 12% based on pt-lysine- 
2-C™%. The specific activity of the product was 0.31 mc per 
mmole. 


pL-a-Aminoadipic acid-6-C™, synthesized by the method of 
Rothstein and Claus (10), was generously supplied by Dr. Leon 
L. Miller;? the specific activity of the pure compound was 10 ye 
per mg. 

Glutaric acid-1,5-C' was prepared by the reaction of 0.8 
mmole of NaC'*N (0.65 me per mmole) with 0.4 mmole of tri- 
methylene bromide in 70% ethanol. After being refluxed for 
36 hours, the product was hydrolyzed with concentrated HCl, 
dried, and recrystallized twice from benzene-petroleum ether. 
The final yield of chromatographically and radioautographically 
pure product was 17.7 mg or 34%. The specific activity was 
1.1 me per mmole. 

Other Substrates—pt-a-Aminoadipic acid was_ synthesized 
essentially by the method of Waalkes et al. (11), based upon the 
a-bromination of ethyl hydrogen adipate in thionyl chloride. 
The procedure was simplified by treating the bromination prod- 
uct with aqueous sodium bicarbonate and isolating the resulting 
crude 2-bromo-5-carbethoxyvaleric acid by ether extraction of 
the acidified solution. The product was converted to a-amino- 
adipic acid without further purification by treatment overnight 
with concentrated NH,OH at room temperature. The over-all 
yield of crude a-aminoadipic acid, starting with 50 g of ethyl 
hydrogen adipate, was 30.5 g or 58%. The final product (3 
recrystallizations) melted at 205-207° (as did authentic material) 
and appeared to be pure as determined by paper chromatography. 

L-Pipecolic acid was resolved from commercial pL-material by 
means of the (—)tartaric acid salt (3). Lt-a-Aminoadipic acid 
was prepared by the action of acylase upon the pt-chloracetyl 
derivative (12). 

Experimental Methods 


C40, Expiration—A female Sprague-Dawley rat (190 g), fasted 
for 24 hours, was treated by intraperitoneal injection with a 


1 Dowex 50 refers to analytical grade hydrogen form, 200-400 
mesh, AG 50W-X8, Bio-Rad Laboratories, Richmond, California. 

2 University of Rochester School of Medicine, Rochester 20, 
New York. 
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neutralized solution containing 2.5 we (1.25 mg) of pL-pipecolic 
acid-2-C'-HCl and 4 mg of inert pL-pipecolic acid-HCl. A 
second animal was treated similarly with 0.66 ue of D-pipecolic 
acid-2-C'4 (see below) and 8 mg of carrier pL-pipecolic acid. The 
animals were placed in an all-glass metabolism cage, and the 
expired COz was collected in 20% KOH for a total of 11 and 8 
hours, respectively. Aliquots of this solution were treated 
with BaCl. and the resulting BaCO; was filtered, dried, and 
weighed. The material was plated on aluminum planchets for 
counting. Counts were corrected to disintegrations per minute 
at infinite thinness. 

Urine—The urine was filtered and diluted to 50 ml with water. 
Samples of suitable volume were plated, counted, and the results 
extrapolated to infinite thinness. 

Isolation of Glutaric Acid Derived in Vivo from DL-Pipecolic 
Acid-2-C4—The procedure was the same as that previously 
used to isolate glutaric acid derived from L-lysine-6-C™ (6). A 
neutralized solution (NaOH) containing 350 mg of glutaric acid 
and 8.1 we (4.5 mg) of pL-pipecolic acid-2-C'-HCl was injected 
intraperitoneally into a female Sprague-Dawley rat which had 
previously been fasted for 24 hours. From the ether extract 
of the acidified urine were obtained 53 mg of once recrystallized 
(benzene) glutaric acid. The product was then recrystallized 
alternately from hot benzene and ethyl acetate-petroleum ether; 
four consecutive recrystallizations did not change the specific 
activity. 

Isolation of ‘‘D’-Pipecolic Acid-2-C™% from Urine—The urine 
from the glutarate experiment above was neutralized, concen- 
trated under reduced pressure to 10 ml and desalted electrolyti- 
cally. It was then fractionally eluted from a Dowex 50 column 
(14 x 500 mm) with 1 Nn HCl. The pipecolic acid was located 
by counting a small aliquot of each fraction. The appropriate 
fractions were concentrated, treated with Norit, filtered, and 
dried. Paper chromatography of the product (butanol-acetic 
acid-water, 4:1:1) showed only one ninhydrin-positive spot 
(Rr 0.42) which matched exactly the radioactive area. The 
total amount of recovered material was 0.66 yc. 

Degradation of Isolated Glutarate—The glutaric acid was de- 
carboxylated by the action of sodium azide in 100% sulfuric 
acid (Schmidt reaction). The evolved CO, was trapped in CO; 
free alkali and precipitated and counted as BaCQs3. 

Experiments in Vitro—Rat liver mitochondria were prepared 
in 0.25 m sucrose from 20% homogenate according to the proce- 
dure of Schneider and Hogeboom (13). The mitochondria were 
made up finally in one-fourth the volume of the original homog- 
enate. Incubations were carried out in 25-ml Erlenmeyer 
flasks with center wells containing 0.2 ml of 10% KOH and a 
small strip of filter paper for CO, collection. At the end of the 
incubation, the paper, alkali, and washings were transferred to a 
10-ml volumetric flask and made to volume. After vigorous 
shaking, as much solution as possible was transferred to 12-ml 
conical centrifuge tubes, and, after centrifugation, 9 ml were 


removed. To this were added 20 mg of NazCO3 and the carbon-_ 


ate was precipitated with 30% BaCl,; solution, put through three 
centrifugation and wash cycles, filtered, weighed, and plated. 
Counts were corrected the same as for expired COs. 

Isolation of a-Aminoadipic Acid from pi-Pipecolic Acid-2-C'*— 
To each of 4 flasks containing 2 ml of mitochondria, 50 wmoles 
of phosphate buffer (0.1 mM, pH 7.4), 3 wmoles of ATP, and 6 
umoles of MgCls, were added 25 wmoles of inert L-a-aminoadipic 
acid (neutralized), and 1.6 uwmoles of pL-pipecolic acid-2-C'4 
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(1 uc); total volume, 3.6 ml. After incubation for 2 hours, the 
mixtures were deproteinized, combined, and the solutions were 
desalted by elution from Dowex 50 with HCl. Recrystallization 
of the dried eluate, even in the presence of added inert alanine, 
glutamate, and pipecolate, did not yield a-aminoadipate of con- 
stant specific activity. Therefore 25 mg of carrier L-a-amino- 
adipic acid were added to the partially purified product and the 
whole was chromatographed on a large column of Dowex 50 
(0.2 60cm) with 2n HCI. Aliquots of the 9-ml fractions were 
neutralized, and the a-aminoadipic acid was located in fractions 
52 to 59. Purification of this material by recrystallization, 
essentially as described in the synthesis of a-aminoadipic acid, 
led to the isolation of a product which retained a specific activity 
of 30.5 c.p.m. through the final three recrystallizations, including 
one from hot water alone. 

Decarboxylation of a-Aminoadipic Acid—The material was 
degraded as described above for glutaric acid, except that citrate 
buffered ninhydrin (pH 2.5) was used as the decarboxylating 
reagent. 

Treatment of a-Aminoadipic Acid to Establish Radiopurity— 
The over-all procedure will be outlined in brief as the methods 
used are self-evident. a-Aminoadipic acid was trapped as above, 
except that 3 flasks were used each containing 0.5 ue of DL-pipe- 
eolic acid-2-C™’. After deproteinization, the contents of the 
flasks were combined and fractionally eluted from Dowex 50. 
The aminoadipate fractions were located (ninhydrin), combined 
and dried. Two-thirds of the material was treated on 4 papers 
(8 inches wide) by high-voltage electrophoresis (pyridine-acetic 
acid buffer, pH 6.4; 2000 volts) under toluene (14). After loca- 
tion and elution of the a-aminoadipic acid, 2050 c.p.m. were ob- 
tained. Approximately one-half of this material was treated 
with NaN; in 100% H.SO,. After removal of the sulfate as 
BaSOQ,, the product was desalted by elution from Dowex 1 (OH-) 
with 1 N acetic acid, and treated on 2 papers as above by high 
voltage paper electrophoresis. Ornithine was located on the 
paper and eluted. On the anode side, ninhydrin color spots 
indicated the presence of a small amount of unchanged a-amino- 
adipic acid and a trace of glutamic acid. The ornithine was 
well clear of any ninhydrin-positive contaminants except a,y- 
diaminobutyric acid, derived from glutamic acid. The ornithine 
was chromatographed (descending) on a large sheet of Whatman 
No. 1 paper (butanol-pyridine-water; 1:1:1) for 24hours. After 
drying the paper, the development was repeated. The ornithine 
band was then located about 10 cm from the origin by spraying 
of selected areas of the paper with ninhydrin. Its position was 
clear of contaminating a,y-diaminobutyric acid by at least 2.5 
em. After elution, the ornithine solution was filtered, treated 
with Norit, dried on a polyethylene planchet, and counted. 

The other one-half of the a-aminoadipic acid from the electro- 
phoresis procedure was chromatographed as above for 2 periods 
of 24 hours in butanol-acetic acid-water; 4:1:1. The amino- 
adipate was located, eluted, dried, and counted. Contaminating 
glutamic acid was more than 5 cm above the product. 


RESULTS AND DISCUSSION 


Fig. 1 shows the CO, expiration results. The oxidation of 
pipecolic acid-2-C™ appears to occur at a moderate rate. Roth- 
stein and Miller (6), who used Wistar rats, determined that 
lysine-6-C™ yielded 42% of the dose as CO, in 8 hours under 
similar conditions. According to the proposed metabolic path- 
way, both amino acids should yield glutaric acid (carboxyl- 
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Fic. 1. Oxidation of pL- and pb-pipecolic acid-2-C' in the in- 
tact rat: A—-—A, pDL-pipecolic acid-2-C'* (percentage of dose 
based on L-isomer); O——O, p-pipecolic acid-2-C"™. 


labeled) before release of radioactive CO». p-Pipecolic acid is 
oxidized slowly, if at all. The material recovered from the urine 
is obviously quite different in behavior from the pL-material and, 
in view of its identification as pipecolic acid by paper chroma- 
tography, can be accepted as being the p-form. The amount of 
activity in the urine of the rat receiving pL-pipecolic acid-2-C' 
was 65% of the dose. 

In establishing the metabolic pathway, it was important to 
determine whether pipecolic acid gives rise to glutaric acid, thus 
establishing or eliminating its central location on the presumptive 
pathway for lysine catabolism. The glutarate isolated from the 
urine of the rat given pipecolic acid-2-C" along with a trapping 
dose of cold glutarate, was indeed radioactive. The 53 mg ob- 
tained had a constant specific activity (through 4 recrystalliza- 
tions) of 10.2 ¢.p.m. permg. If the glutarate was formed accord- 
ing to the equations given in Fig. 2, it should be labeled with 
C™ entirely in the carboxyl groups. Decarboxylation of the 
isolated glutarate showed that 82% of the activity resided in the 
carboxyl groups. Unfortunately, the NaN; used in the reaction 
had not been recrystallized (15) and had a high BaCO; blank. 
An experiment performed under similar conditions with synthetic 
carboxyl-labeled glutarate resulted in the same apparent car- 
boxyl activity (82%). Thus, there appears to be little doubt 
that pipecolic acid is converted, at least in part, to glutaric acid 
labeled in such a manner as to support the proposed metabolic 
pathway. 

In attempting to demonstrate the conversion of pipecolic acid 
to a-aminoadipic acid, experiments were carried out in which 
DL-pipecolic acid-2-C™ was incubated with rat liver mitochondria 
in the presence of excess L-a-aminoadipic acid as a trap. The 
aminoadipate, after undergoing the procedure described above, 
had a constant specific activity of 30 c.p.m. per mg. This did 
not change significantly through 3 recrystallizations. From the 
equations above, it would be expected that the material would 
contain C" only in carbon 2. Decarboxylation by the ninhydrin 
reaction indicated a considerable amount of C™ in the carboxyl 
carbon (approximately 40%). This must be attributed to a 
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radioactive impurity, probably glutamic acid. In short, re- 
crystallization to constant specific activity, is not, in this case, 
a good criterion of radiopurity. The problem, therefore, as to 
whether a-aminoadipic acid is truly a product of lysine break- 
down had to be reconsidered in view of the fact that it was first 
implicated in this connection by this criterion (4). 

Under these circumstances, the somewhat heroic measures 
described under “experimental procedures”’ were undertaken in 
order to establish with certainty whether a-aminoadipic acid is 
truly a product of pipecolic acid breakdown. ‘Treatment of 
1000 ¢.p.m. of a-aminoadipic acid (isolated by paper electro- 
phoresis) by the Schmidt reaction, led to the recovery of 146 
c.p.m. of pure ornithine after purification of the latter by paper 
electrophoresis and paper chromatography. Ninhydrin degrada- 
tion of this material now indicated only negligible amounts of C“ 
in the carboxyl group. In addition, the a-aminoadipic acid 
isolated after paper chromatographic treatment contained 250 
c.p.m. These results establish that a-aminoadipic acid is a 
product of pipecolic acid (and hence, lysine) breakdown. The 
amount of activity can be calculated roughly. The C" isolated 
in ornithine and a-aminoadipic acid amounts to 0.18 and 0.30% 
of the starting activity respectively (based on 2.5 10° ¢.p.m. 
of L-pipecolic acid-2-C™), and does not take into account the 
considerable losses involved in spraying part of the chroma- 
tograms with ninhydrin for purposes of location before elution, 
and the losses during the Schmidt reaction. Though the actual 
activity is probably somewhat larger, this represents an order of 
magnitude. The small recovery may be due to rapid oxidation 
of the biologically formed material, coupled with poor equilibra- 
tion with the externally added aminoadipic acid. 

An alternative reason may be the existence of other metabolic 
pathways which do not involve a-aminoadipic acid. In this 
regard, it is of interest to note that an as yet unidentified amino 
acid appears to be a major product of the oxidation of DL-pipe- 
colic acid-2-C™ by rat liver mitochondria. Ion exchange chro- 
matography of deproteinized incubation mixtures leads to the 
results shown in Fig. 3. The large peak appears to be that of 
unutilized pipecolic acid, probably to a large extent the p-isomer. 
Peak A, which often contains as much as 10% of the starting 
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Fic. 2. Proposed metabolic pathway for lysine and pipecolic 
acid-2-C'4, 
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Fic. 3. Chromatography of incubation medium from the oxida- 

tion of DL-pipecolic acid-2-C by rat liver mitochondria; the in- 

cubation medium after deproteinization with trichloroacetic acid 

and removal of the latter by ether extraction, was placed on a 

14 X 500 mm column of Dowex 50 and developed with 1 Nn HCl. 

Fractions of 8 ml were collected and 1-ml aliquots were trans- 

ferred to polyethylene planchets. The samples were dried under 
heat lamps and counted. 


activity (based on L-pipecolic acid-2-C™), yields a ninhydrin- 
positive spot on paper chromatograms. 

The material runs just ahead of pipecolic acid in butanol- 
acetic acid-water, 4:1:1, in a position which does not coincide 
with that of any of the amino acids found in protein. The ma- 
terial was first thought to be 6-aminovaleric acid, but addition 
of carrier to peak A followed by chromatography on Dowex 50 
did not lead to coincidence of ninhydrin and radioactivity peaks. 

The details of these and other experiments, and discussion of 
the significance of this material in relation to lysine metabolism 
will be the subject of a future communication. 

Although ion exchange chromatography, as used here, readily 
demonstrates the presence of the unknown amino acid, this find- 
ing should not be accepted as a sensitive indication of all the 
products formed. Glutamic acid and a@-aminoadipic acid, for 
example, are both labeled, but do not have enough activity to 
show up as specific radioactive peaks. 

The conversion of pipecolic acid to a-aminoadipic acid could 
be expected to involve the steps suggested above, and indeed 
lends support to the idea of an intramolecular transamination as 
proposed earlier (1). No direct evidence has yet been uncovered 
for the formation of A!-piperidine-6-carboxylic acid. However, 
the analogous but reverse reaction, reduction of A!-pyrroline-5- 
carboxylic acid, has been demonstrated in numerous tissues 
of the rat (9). The six membered ring compound was not tested. 
a-Aminoadipic acid is also formed by Pseudomonas grown on 
pipecolic acid as the sole source of carbon and nitrogen.’ 

pL-Pipecolic acid-2-C* is readily oxidized to C'Oz by rat liver 
mitochondria under appropriate conditions. Table I shows the 
results of representative experiments. 

Experiment /A is typical of the results obtained, the values 
of the early experiments being mostly in the range of 0.4 to 0.7% 
CO,. ATP is necessary for the reaction. EDTA,‘ in the pres- 


3 Personal communication from Dr. D. R. Rao, Dr. V. W. Rod- 
well, and G. Thind of this department. 

4 EDTA, ethylenediaminetetraacetate; Versene (Dow Chemical 
Company) was used in this work. 
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TaBLeE I 
Oxidation of DL-pipecolic acid-2-C' by rat liver mitochondria* 
Additionst Doset as COs 
% 
1A ATP + Mg** 0.7 
1B EDTA 0 
2B ATP + EDTA 6.3 
3B ATP + Mg** + EDTA 10.5 
1C ATP + Mg** 2.0 
2C ATP + Mg** + EDTA 4.5 
3C ATP + Mg*t + EDTA + CoA 3.4 


* Substrate, pL-pipecolic acid-2-C!*, 3.6 wmoles. Flasks con- 
tained, besides other additions, 2 ml of mitochondria and 50 
pmoles of potassium phosphate buffer (pH 7.4, 0.1 Mm). 

t ATP, 3 wmoles; Mg**, 6 umoles; EDTA, 3 wmoles; CoA, 3 
umoles. In all cases, final volume was 3 ml. Incubations were 
carried out for 2 hours at 37°. 

t Some observations of interest made during the various ex- 
periments are as follows: Anaerobic conditions in two experi- 
ments yielded CO, at nearly the same rate as similar aerobic 
experiments (0.5 to 0.7%). In the B series of experiments, addi- 
tion of TPN, DPN, and CoA (1 umole, 1 umole, and 3 uwmoles, 
respectively), both with and without pyruvate and fumarate, re- 
duced CO, output by 50%. CoA in particular, always lowered 
CO, output. Addition of 3 umoles each of pyruvate and fumarate 
to ‘‘spark’’ the tricarboxylic acid cycle in no case had a noticeable 
effect on pipecolic acid oxidation, and did not result in any ob- 
servable change in the ion exchange chromatographs which might 
indicate an enhanced formation of glutamate, aspartate, or ala- 
nine. Semicarbazide (0.01 m) completely inhibited CO, produc- 
tion, although it had no noticeable effect on the formation of 
compound A (Fig. 3). 


TABLE II 


Oxidation of DL-a-aminoadipic acid-6-C'4 and glutaric 
acid-1,5-C'* by rat liver mitochondria 


Substrate* Additionst 
1A Aminoadipate 1.3 
2A Aminoadipate ATP 1.1 
3A Aminoadipate ATP + EDTA 21.5 
4A Aminoadipate ATP + EDTA + Mgtt 25.1 
1B Aminoadipate EDTA 2.8 
2B Aminoadipate ATP + EDTA 19.2 
3B Aminoadipate ATP + Mgt* 19.3 
4B Aminoadipate ATP + EDTA + Mgtt 21.7 
1C Glutarate 1.3 
2C Glutarate © ATP 2.9 
3C Glutarate ATP + EDTA 19.2 
4C Glutarate ATP + EDTA + Mgt* 17.7 


* pLt-a-Aminoadipic acid-6-C!, 1.5 wmoles; glutaric acid-1,5- 
1.4 umoles. 

t ATP, 3 umoles; Mg*tt, 6 umoles; EDTA, 3 wmoles. In addi- 
tion, each flask contained 2 ml of mitochondria, and 50 umoles of 
potassium phosphate buffer (pH 7.4,0.1M). Total volumes were 
adjusted to 3 ml. Incubations were 2 hours at 37°. 


ence of ATP, boosted CO, production enormously (2B), even 
without Mgt+. Addition of Mgtt+ to a combination of ATP 
and EDTA, or EDTA to ATP plus Mg** always produced an 
additional increase in oxidation. It may thus be surmised that 
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at least one of the enzymes in the pathway is sensitive to heavy 
metal inhibition which may be nullified by the addition of either 
EDTA or Mg*+. The water used in the early experiments was 
ordinary distilled water. Later experiments (including the C 
series) were carried out with distilled water passed through 
deionizing resin. Under these conditions, similar though less 
striking results were obtained. 

The mitochondria appeared to work equally well when pre- 
pared in 0.25 m sucrose and then taken up in KCl. The “debris” 
fraction, precipitated by centrifugation for 10 minutes at 600 x 
g, was extremely active in oxidizing proline, as indicated by O2 
uptake in the Warburg manometric apparatus (16), but no 
significant oxidation was observed with pipecolic acid. How- 
ever, the more sensitive method of measuring C'4O.2 production 
was not undertaken. 

The results of experiments carried out with DL-a-aminoadipic 
acid-6-C™ and glutaric acid-1,5-C' are shown in Table II. 
These results follow the same general pattern observed with the 
mitochondrial oxidation of pipecolic acid-2-C™“. It would seem 
that the EDTA and Mg** act in one of two ways: either by 
helping to retain the structural integrity of the mitochondria, 
or by reversing a heavy metal inhibition. In this regard, in the 
oxidation of a-aminoadipic acid-6-C" as in Table II (ATP pres- 
ent), increasing concentrations of Mgt+ (0.6 umole per ml to 2 
moles per ml) yielded corresponding increases in CO, produc- 
tion (9.3 to 19.1%) but greater concentrations had no further 
effect. IEZ-DTA achieved maximal oxidation (17%) at a concen- 
tration somewhere between 0.3 and 1 umole per ml. Increasing 
the concentration to 3.3 uwmoles per ml in the mitochondrial in- 
cubation mixture did not further raise CO2z output. More im- 
portant, it did not inhibit the oxidation, indicating that if Mgt* 
is necessary, aS one would expect in view of the ATP require- 
ment, the metal must be firmly bound inside the mitochondrial 
membrane. These conclusions are, of course, only tentative. 
In dealing with an entity as complex as the intact mitochon- 
drion, effects such as those observed here may not be readily 
explainable in the light of present knowledge. 

As can be seen, the oxidation of a-aminoadipic acid-6-C™ and 
glutaric acid-1,5-C™ proceeds at an extremely rapid rate. The 
products of the reaction have not been identified with certainty, 
but from the mitochondrial oxidation of a-aminoadipic acid, 
radioactive glutarate was isolated, as expected, by a trapping 
procedure similar to that described earlier. From glutarate-1 , 5- 
C', similar trapping experiments with inert 6-hydroxyglutarate 


5 ““Crystalab Deemajet,’’ Crystal Research Laboratories, Inc., 
Hartford, Connecticut. 
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led to the preliminary identification of the latter as a radioactive 
spot on paper chromatograms. This suggests that glutarate may 
be metabolized via acetonedicarboxylic acid and acetoacetyl- 
CoA, in keeping with previous proposals (17). Until more 
critical proof is obtained, however, this must remain a tentative 
conclusion. 


SUMMARY 


1. Pipecolic acid has been shown to form a-aminoadipic acid 
and glutaric acid in the rat, establishing its position on the main 
pathway of lysine catabolism. 

2. Rat liver mitochondria readily oxidize pipecolic acid, a- 
aminoadipic acid, and glutaric acid to CO in the presence of ATP 
if either Mgt*, ethylenediaminetetraacetate, or both are added. 


Acknowledgment—The authors wish to thank Miss Alice Kells 
for her capable technical assistance. _ 
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The breakdown of uracil to B-alanine with the intermediate 
formation of dihydrouracil and B-ureidopropionic acid has been 
studied by several investigators (1-4). The finding that the 
reduction of uracil to DHU! in rat liver is the rate limiting 
reaction (2, 4), indicated that the catabolic capacity of the tis- 
sue is determined by factors which influence the rate of reduc- 
tion. Canellakis (2) demonstrated that the reaction is TPNH 
dependent, and Grisolia and Cardoso (3) purified the enzyme, 
DHU dehydrogenase, from beef liver and studied some of its 
properties. The significance of the catabolic capacity as a factor 
which regulates the rate of RNA synthesis, has been suggested 
by Canellakis (5). Experiments with regenerating rat liver and 
hepatoma seemed to indicate that a decreased capacity to de- 
grade uracil might be a necessary cause for an increased incor- 
poration of uracil into RNA. It was therefore of interest to 
explain the nature of the variations in catabolic capacity, which 
had been observed. An essential preliminary step to such an 
investigation was to devise a satisfactory procedure for the quan- 
titative assay of DHU dehydrogenase in rat liver, and to estab- 
lish a quantitative relation between enzymatic activity and fac- 
tors which influence the reduction. With this object in view 
the present work was undertaken. 


MATERIALS AND METHODS 


Uracil-6-C"“, DHU-6-C™, and unlabeled DHU were prepared 
as described previously (6, 7). Unlabeled uracil was obtained 
from Schwarz Laboratories. TPN, TPNH, the potassium salt 
of glucose 6-P, and glucose 6-P dehydrogenase were obtained 
from Sigma Chemical Company. ATP was the potassium salt 
from Nutritional Biochemical Corporation. Solutions of the 
compounds were neutralized to pH 7.4 with NaOH. Glucose 
6-P dehydrogenase was dissolved in 0.05 m phosphate buffer, pH 
7.5. TPN, TPNH, glucose 6-P, and glucose 6-P dehydrogenase 
activity were estimated spectrophotometrically, using 6.22 x 10 
as the molar extinction coefficient of TPNH at 340 mu. The 
determinations were carried out in 0.03 mM phosphate buffer, pH 
7.5, total volume 2.5 ml, temperature, 20°. The enzymatic ac- 
tivity is not significantly inhibited by this phosphate concentra- 
tion (8). 


* A preliminary report was presented at the Meeting of the 
Scandinavian Biochemical Societies, Abo, Finland, August, 1959. 

t Fellow of The Norwegian Cancer Society, Oslo, Norway. 

1The abbreviations used are: DHU, dihydrouracil; EDTA, 
ethylenediaminetetraacetate. 


‘test system as the zero extinction cell. 


Nitrogen with a minimum purity of 99.99% was a gift from 
Norsk Hydro-Elektrisk Kvezlstofaktieselskab, Norway. 

Liver Preparations—Female rats weighing about 200 g were 
killed by decapitation, the livers were removed and placed in 
cold 0.25 M sucrose containing 5 X 10-4 mM EDTA, pH 7.3, and 
weighed. All subsequent manipulations were carried out at 0- 
4°. The tissue was washed with several portions of sucrose and 
coarsely minced with scissors. Homogenization was carried out 
for 2 minutes in 1.5 volumes of the sucrose-EDTA mixture using 
a Teflon homogenizing pestle of the Potter-Elvehjem type. The 
homogenate was diluted with the sucrose solution to give 1 g of 
liver in each 3.3 ml of homogenate. 

The soluble fraction was the supernatant obtained by cen- 
trifuging the homogenate at 105,000 x g for 60 minutes (Spinco 
model L preparative centrifuge). The supernatant was sepa- 
rated from sediment and fatty overlayer by withdrawing the 
middle layer with a capillary pipette. The total volume of the 
supernatant was 0.75 part of the orginal volume of the ho- 
mogenate. 

Spectrophotometric Measurements—TPNH is an essential co- 
factor for the reduction of uracil to DHU (2). The activity of 
the purified enzyme was determined spectrophotometrically by 
following the rate of oxidation of TPNH at 340 mu in 1 em cells 
at 25°. The test system contained 0.5 umole of uracil, 0.3 
umole of TPNH, 50 umoles of phosphate buffer, pH 7.35, and 
purified enzyme in a total volume of 2.0 ml. The blank cell 
contained all components except uracil. The reaction was 
started by addition of TPNH. The rate of TPNH oxidation 
was followed in a Zeiss spectrophotometer by measuring the 
relative increase in optical density of the blank cell using the 
Readings were taken 
at 30-second intervals for 10 minutes. 

A unit of enzyme is defined as the amount producing a change 
in optical density of 0.001 per minute under the above condi- 
tions. Specific activity is expressed as units of enzyme per mg 
of protein. 

Protein was determined by the method of Lowry et al. (9). 

Standard Incubation Conditions—The activity of DHU dehy- 
drogenase in homogenate and the soluble fraction was deter- 
mined by incubation with uracil-6-C’%. The reduction of uracil 
to DHU is the rate limiting reaction in the degradation of uracil 
to B-alanine (2, 4). The dehydrogenase activity could therefore 
be expressed by the rate of formation of 6-alanine-C™. §-Ala- 
nine is not significantly metabolized in rat liver preparations 
in vitro (10, 11). 
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TABLE 


Stoichiometric relation of TPNH oxidation and 
dihydrouracil formation 


The reactions were carried out under standard conditions for 
spectrophotometric measurements except that the amount of 
TPNH was increased to 0.4 umole, and inactive uracil was replaced 
by uracil-6-C!4, About 13 units of enzyme from different prepara- 
tions were used. TPNH oxidation was followed spectrophoto- 
metrically. A optical density of 1.0 corresponded to the oxidation 
of 0.322 umole of TPNH. Reactions 1 and 2 were terminated by 
heat inactivation after 15 and 31 minutes, respectively. DHU-C'* 
formed was determined as described under ‘‘Determination of 
Radioactive Products’’ except that collidine saturated with water 
was used as solvent system for the chromatographic separation of 
DHU (4). 


Experiment No. ATPNH Dihydrouracil-C' formed 
umole umole 
1 —0.046 0.047 
2 —0.101 0.102 


The incubations were conducted in 20-ml Warburg vessels. 
The main compartment contained, unless otherwise indicated, 
80 uwmoles of phosphate buffer (NasHPO,: KH2PO, = 72:8), 100 
umoles of nicotinamide, and 825 ul of homogenate (0.25 g of 
liver). To the side arm were added 0.48 umole of uracil-6-C™ 
and a mixture of 2 umoles of TPN, 20 umoles of glucose 6-P, 
and glucose 6-P dehydrogenase reducing about 0.20 umole of 
TPN per minute. (This mixture had been preincubated for 15 
minutes at 25° beforehand to reduce TPN quantitatively to 
TPNH.) The total volume was adjusted to 2.5 ml with water 
which had been boiled and cooled in a stream of O2-free No. 
With the indicated buffer pH was maintained between 7.6 and 
7.2 during incubation. When the soluble fraction was used, 
the homogenate was replaced by 620 ul of supernatant (equiv- 
alent to 0.25 g of liver) and 205 wl of 0.25 m sucrose. Ana- 
erobic conditions were obtained by flushing with nitrogen for 15 
minutes under shaking in a water bath at 37°. The reaction 
was started by tipping the content of the side arm into the main 
compartment. Incubation continued for 10 minutes at 37° with 
shaking. The reaction was stopped by rapid transfer of the 
mixture to a small test tube which had been placed in a boiling 
water bath beforehand. The enzyme was considered to be in- 
activated 10 seconds after immersion in boiling water, but the 
heat treatment continued for 2 minutes. No significant dif- 
ference in yield was observed when the reactions were stopped 
by addition of perchloric acid. 

Determination of Radioactive Products—The coagulated protein 
was removed by centrifugation. Fifty ul of the deproteinized 
incubation mixture were analyzed by descending paper chroma- 
tography at 23° (Whatman No. 1 filter paper) in butanol- 
ethanol-water (4:1:5) (12). Ry values for B-alanine, uridine, 
and uracil were 0.06, 0.32, and 0.45, respectively. Strips of 1.8- 
cm width were used. The solvent front traveled about 34 cm. 
The strips were cut in l-cm sections which were mounted on 
copper planchets. The radioactivity was determined in a Tra- 
cerlab flow counter. For each cm. length of the strip, 600 counts 
were recorded. The distribution of radioactivity was a measure 
of the relative amounts of reaction products (4). The total ac- 
tivity on each strip was about 2000 c.p.m. 
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RESULTS 


Purification of DHU Dehydrogenase—The ammonium sulfate 
solution used in the purification procedure was saturated at 0°, 
adjusted to pH 7.6 with ammonium hydroxide, and contained 
0.002 m neutralized EDTA. Of this solution, 37.7 ml were 
added with stirring to 80 ml of the soluble fraction of the ho- 
mogenate. The resulting precipitate was centrifuged off and 
discarded. To 110 ml of the supernatant were added 19 ml of 
saturated ammonium sulfate solution. The precipitate, which 
contained the bulk of the enzyme, was collected by centrifu- 
gation and washed once with 15 ml of sucrose solution saturated 
to 42% with ammonium sulfate. After centrifugation the pre- 
cipitate was dissolved in 10 ml of water. The slightly brownish 
solution had a specific activity of 4.1 and contained about 1300 
units of enzyme. It lost 20% of its activity when stored at 
—15° for 1 month. The enzyme preparation showed consid- 
erable “blank” reaction when tested under standard conditions 
without uracil (about 20% of the reaction rate with uracil as 
substrate). DJHU hydrase (13) was virtually absent. 

Stoichiometric Relation of Uracil and TPNH—When the puri- 
fied enzyme was tested under standard conditions, oxidation of 
TPNH was accompanied by an equimolecular reduction of ura- 
cil to DHU (Table I). 

Kinetic Properties—Fig. 1 shows that under optimal condi- 
tions the amount of uracil reduced was proportional to the time 
of incubation. The rate of reduction was proportional to en- 
zyme concentration (Fig. 2). 

Effect of pH—Fig. 3 shows that the enzymatic activity was 
optimal in the pH range 7.0 to 7.6. No difference in activity 
was observed when phosphate buffer was replaced by Tris 
buffer. 

Substrate Affinities—Optimal rate of reduction of uracil was 
observed at concentrations down to 8 X 10-° m when measured 
under standard conditions for spectrophotometric measurements 
using 4 units of enzyme. At concentrations below this value 
uracil was quantitatively reduced in less than 10 minutes, and 
the exact estimation of the rate of reduction was difficult. But 
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Fic. 1. Effect of time of incubation on uracil reduction. The 
experiment was carried out under standard conditions for spectro- 
photometric measurements using 10 units of purified enzyme. 
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Fic. 2. Effect of enzyme concentration on rate of uracil reduc- 
tion. The experiments were carried out under standard condi- 
tions for spectrophotometric measurements with varying amounts 
of purified enzyme. 
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Fic. 3. Effect of pH on the rate of reduction of uracil. The 
experiments were carried out under standard conditions for spec- 
trophotometric measurements with the exception that buffers of 
varying pH were used as indicated in the figure. @, phosphate 
buffer; O, Tris buffer. Rate of reduction is expressed in per cent 
of optimal enzymatic activity. 


in fact, no significant change in reaction rate was observed 
until uracil was quantitatively reduced, indicating a high af- 
finity of enzyme to uracil. The experiments clearly demon- 
strated that the optimal uracil concentration was less than 8 X 
m, and the Michaelis constant was less than 4 

The effect of variations in TPNH concentration on the initial 
rate of uracil reduction is shown in Fig. 4. The optimal con- 
centration of TPNH was 7 X 10-5 mM, and the Michaelis con- 
stant estimated from the curve was 1.7 X 10-5 a. 
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Reversibility of Reaction—With the purified enzyme the re- 
versibility of the reduction of uracil was indicated. Upon addi- 
tion of enzyme to DHU in the presence of TPN there was an 
increase in optical density at 340 my (Fig. 5), suggesting the 
formation of uracil. The dependence of the rate of reduction 
of TPN on DHU concentration is shown in Fig. 6. It can be 
seen that the optimal DHU concentration was 10? m. The 
Michaelis constant estimated from the curve was 2 X 10-3 m. 
The ratio of the rate of DHU oxidation at optimal substrate 
concentration to the rate of uracil reduction was 0.2 for the 
purified enzyme. The actual rate of DHU oxidation might be 
greater than that observed in the spectrophotometer, due to 
the considerable “blank” oxidation of TPNH in the presence 
of enzyme. | 

The spectrophotometric observations were only indirect evi- 
dence for the conversion of DHU to uracil. Direct evidence 


® 
x 
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TPNH conc. (Molarity X 10°) 


Fic. 4. Effect of variations in TPNH concentration on rate of 
uracil reduction. The experiments were carried out under stand- 
ard conditions for spectrophotometric measurements except that 
the TPNH concentration was varied as indicated. Rate of re- 
duction is expressed in per cent of optimal enzymatic activity. 
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Fia. 5. Effect of DHU on TPN reduction. The reaction was 
carried out with 20 units of enzyme under standard conditions for 
spectrophotometric measurements except that uracil was replaced 
by 10 umoles of DHU, and TPNH by lumole of TPN. The blank 
cell contained all components except DHU. 
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Fia. 6. Effect of variations in DHU concentration on the rate 
of TPN reduction. The experiments were carried out as described 
in the legend to Fig. 5 except that the DHU concentration was 
varied as indicated. 


TABLE II 
Conversion of dihydrouracil-6-C'4 to uracil-C™ 

Four umoles of DHU-6-C"*, 4 umoles of TPN, 50 umoles of phos- 
phate buffer, pH = 7.4, and 40 units of purified enzyme in a total 
volume of 2 ml were incubated at 30° in air. Aliquots of 0.5 ml 
were removed and heat coagulated at the time points indicated. 
Carrier uracil, 0.15 mg, was added. By subsequent addition of 
125 ul of mM NaOH to each of the deproteinized mixtures, unchanged 
DHU was converted quantitatively to 6-ureidopropionic acid in 
70 minutes at 25° (14). By this treatment a good separation of 
uracil-C!* from the other radioactive compounds in the collidine- 
water chromatogram (4) was obtained. Blank incubations with 
heat coagulated enzyme were treated in exactly the same way. 
Each 0.01 umole of uracil formed corresponded to about 25 c.p.m. 
on the paper strip. 


Incubation time (min.) 


i 10 20 30 


0.009 | 0.012 | 0.011 | 0.016 


Uracil-C"™ formed (umole) 


for this reaction was obtained by incubation of DHU-C* with 
the purified enzyme. The results, recorded in Table II, indi- 
cated the formation of uracil, and the amount formed in 10 
minutes was in good agreement with the data on the rate of 
TPN reduction. However, the results are only approximate 
values, since quantitation was difficult due to the small yield. 

The relatively low affinity of DHU dehydrogenase to DHU 
and the slow rate of conversion of DHU to uracil suggest that 
the reaction is without physiological significance. 


Assay of Dihydrouracil Dehydrogenase in Homogenate 
and Soluble Fraction 


Preliminary Studies—Fig. 7 shows an attempt to demonstrate 
the activity of DHU dehydrogenase in homogenate and the 
soluble fraction by incubation with C"-labeled uracil. The 
curves show that the rate of the reactions declined with time. 
The rapidity of this decline was great in the homogenate, and 
after 15 minutes the reaction had stopped. The rate was re- 
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Fic. 7. Conversion of uracil-6-C'* to B-alanine-C in homog- 
enate (@) and soluble fraction (O). The reactions were carried 
out in air at 37° in test tubes (2 X 10 cm) in a shaking water bath. 
Each milliliter of final incubation volume contained 0.25 umole of 
uracil-6-C!*, 25 umoles of phosphate buffer, pH 7.3, and 0.83 ml of 
homogenate or 0.62 ml of soluble fraction, respectively, corre- 
sponding to 0.25 g of rat liver. The total volumes of the incuba- 
tion mixtures were 5 and 2 ml, respectively, depending on the num- 
ber of aliquots necessary in the given experiment. The reactions 
were started by addition of cold tissue preparation. The other 
components had been placed at 37° beforehand. Aliquots of 1 ml 
were removed and heat inactivated at each of the time points in- 
dicated. At 22.5 minutes on the homogenate curve, 200 ul of a 
solution containing 0.5 wmole of TPNH, 12 uwmoles of glucose 6-P 
and glucose 6-P dehydrogenase reducing 0.2 zmole TPN per min- 
ute, were added to the incubation mixture. The samples were 
analyzed as described under ‘‘Determination of Radioactive Prod- 
ucts.”’ 


stored to its initial level when TPNH and a TPN reducing sys- 
tem were added, but after 7.5 minutes the reaction had again 
ceased. These findings indicated that the inhibition of the re- 
action was due to an inadequate level of TPNH rather than to 
an inactivation of DHU dehydrogenase. For quantitative as- 
say of the enzyme it was therefore important to prevent oxi- 
dation and enzymatic destruction of the cofactor. 

Protection of TPNH—Oxidation by air was prevented by 
carrying out the reaction in a nitrogen atmosphere. Preincu- 
bation of TPN with glucose 6-P and glucose 6-P dehydrogenase 
ensured that all TPN added was present in the reduced form 
at the initiation of the reaction. But the possibility existed 
that competing oxidation of TPNH occurred in the reaction 
mixture, and that, actually, the relative proportions of oxidized 
and reduced TPN during incubation would depend on the ac- 
tivities of the oxidizing and reducing systems. Incubations un- 
der standard conditions with varying amounts of glucose 6-P 
dehydrogenase showed, however, that the rate of uracil reduc- 
tion was independent of the amount of this enzyme, 1.e. the 
activity of glucose 6-P dehydrogenase naturally present in liver 
(15) was sufficient to counteract TPNH oxidizing systems in 
the reaction mixture. The reliability of this result depended on 
the presence of an excess of glucose 6-P during incubation. 
Analysis of perchloric acid extracts for this compound at the 
termination of the reaction gave inconsistent results. When 20 
or 40 umoles of glucose 6-P were added to the incubation mix- 
tures, 14 or 24 umoles, respectively, were shown to have dis- 
appeared during incubation. The presence of 40 umoles of glu- 


cose 6-P, however, did not significantly increase the breakdown 


pumole B alanine - cl4 Formed 


of 
int 

be 

en 

de 
tio 

WwW 

(2 

in 

of 

ex 
the 
: 
Th 

act 

ca 

in 

wa 
am 
pre: 

III 
fact 

cen 

Th 

tio 
pou 

ofr 
ings 

to a 
dest 
T 
the 
can 
rate 
caus 
of ur 

unde 

ATP 

TPN 

tion. 


March 1960 


of uracil, and 20 umoles of glucose 6-P were used in the standard 
incubation mixture. The disappearance of glucose 6-P might 
be due mainly to phosphatase activity of the liver (16, 17). 

Nicotinamide was used in the reaction mixture to prevent 
enzymatic destruction of TPNH by nucleosidases (18,19). The 
demonstration by Conn e¢ al. (20) that ATP prevented destruc- 
tion of TPN by plant preparations, and the finding that fluoride 
was an inhibitor of DPN pyrophosphatase from plant extracts 
(21, 22) suggested that these compounds might also be effective 
in preventing TPNH inactivation by liver enzymes. The need 
of a systematic study of TPNH protection was apparent from an 
examination of the effect of various TPNH concentrations on 
the rate of uracil reduction in the presence of arbitrarily chosen 
amounts of nicotinamide and ATP to protect TPNH (Fig. 8). 
The shape of the homogenate curve showed that rather high 
concentrations of the cofactor would be required to obtain the 
activity level of the soluble fraction. The results further indi- 
cated that the TPNH inactivating factors were mainly present 
in the particulate cytoplasmic fractions (2, 23). No evidence 
was found for isotopic dilution in experiments with varying 
amounts of uracil-C". 

The effect of ATP on the rate of uracil degradation in the 
presence of various TPNH concentrations is shown in Table 
III. It can be seen that ATP stimulated the reaction, and the 
fact that the stimulation decreased with increasing TPNH con- 
centrations indicated the sparing action of ATP on TPNH. 
The possibility that ATP itself stimulated the enzymatic reduc- 
tion of uracil can be excluded since a requirement for this com- 
pound was not observed in experiments with dialyzed extracts 
of rat liver acetone powder (2). The apparently divergent find- 
ings of Rutman et al. (23) and of Canellakis (2) regarding the 
effect of ATP on the breakdown of uracil, can thus be attributed 
to differences in TPNH concentration and in activity of TPNH 
destroying factors in the reaction mixtures used. 

The effect of various concentrations of ATP and fluoride on 
the rate of uracil degradation is summarized in Table IV. It 
can be seen that increasing ATP concentrations increased the 
rate of reaction. Addition of 10 and 15 uwmoles of ATP, however, 
caused a drop in pH during incubation to the limit of the optimal 
pH range (Fig. 3). The amount of ATP could be reduced to 
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Fic. 8. The effect of various TPNH concentrations on the rate 
of uracil reduction. The reactions were carried out as described 
under ‘‘Standard Incubation Conditions” except that 5 wmoles of 
ATP were included in the reaction mixtures and the amount of 
TPNH was varied asindicated. @, homogenate; O, soluble frac- 
tion. 
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‘enate (Fig. 9). 
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TABLE III 


Effect of ATP on uracil degradation at 
various TPNH concentrations 


The reactions were carried out with homogenate as described 
under ‘‘Standard Incubation Conditions” except that the amount 
of TPNH was varied as indicated. The stimulations recorded 
are based on the increase in yield of 8-alanine-C" in corresponding 
experiments with 5 umoles of ATP included in the reaction mix- 
tures. 


TPNH added Stimulation 
pmoles % 
0.25 60 
0.50 38 
1.00 27 
2.00 19 


TABLE IV 
Effect of ATP and fluoride on the rate of uracil degradation 
The reactions were carried out with homogenate as described 
under “Standard Incubation Conditions’’ except that the in- 
dicated amounts of ATP and NaF were included in the reaction 
mixtures. 


ATP NaF Stimulation 

pmoles umoles % 
5 0 19 

10 0 37 
15 0 43 

5 50 41 

10 50 40 
0 13 10 

38 4 

0 50 18 


5 wmoles without any significant decrease in reaction rate if 
fluoride was included in the reaction mixture. With this com- 
bination pH was maintained well within the optimal range. 
When tested individually fluoride showed a slight and erratic 
stimulation. The effect in combination with ATP might, be- 
sides the prevention of TPNH destruction suggested above, 
also be attributed to the inhibition of ATPase activity (24). 
The inhibition of glucose 6-phosphatase activity (25) might also 
be of importance, fluoride thus having a stabilizing effect on 
the incubation mixture as a whole. This view was supported 
by the results of incubations with varying amounts of homog- 
The fact that fluoride stimulated the reaction 
only at higher homogenate levels showed that the effect was 
due to a protection of factors in the reaction mixture rather 
than to a stimulation of the uracil reduction as such. 

Quantitatwe Determination of Dihydrouracil Dehydrogenase— 
Fig. 9B shows the results of incubations of uracil-6-C™ under 
standard conditions with varying amounts of homogenate and 
soluble fraction in the presence of 5 uwmoles of ATP and 50 
umoles of fluoride. It can be seen that the reaction rate was 
directly proportional to enzyme concentration over the range 
investigated. The fact that the two liver preparations had 
identical DHW dehydrogenase activities indicated that this en- 
zyme was located exclusively in the soluble cytoplasmic fraction. 
With the present method the homogenate can conveniently be 
used for assay of the enzyme. 
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Fig. 9. Incubations of uracil-6-C'* with varying amounts of 
homogenate and soluble fraction. A. The reactions were carried 
out as described under ‘‘Standard Incubation Conditions” except 
that the amount of homogenate and soluble fraction was varied 
as indicated, and 5 wmoles of ATP were included in the reaction 
mixtures. Sucrose (0.25 M) was used to replace the difference in 
volume between different amounts of liver preparation. The 
amount of homogenate and soluble fraction used was equivalent 
to the amount of fresh liver indicated on the abscissa. Solid and 
open circles represent homogenate and soluble fraction, respec- 
tively, from the same liver preparation. T'riangles represent 
homogenate from a different liver preparation. B. The reactions 
were carried out as described under A except that 50 uwmoles of 
NaF were included in the reaction mixtures. 


The mean value for the activity of DHU dehydrogenase in 
the livers from 6 female rats corresponded to the reduction of 
0.75 umole of uracil in 10 minutes per g of liver. 

The conditions used for protection of TPNH may be of 
value for the assay of other pyridine nucleotide-dependent dehy- 
drogenases in liver homogenates. 


DISCUSSION 


Incubation of liver slices with uracil (2, 4, 5) may give an 
erroneous picture of the catabolic capacity of the tissue in vivo. 
Since TPNH is a necessary cofactor for the reduction of uracil, 
this method of assay would imply that the concentration of 
TPNH during incubation was maintained at the level available 
for DHU dehydrogenase in the intact cell in vivo. However, 
when liver slices are incubated in vitro, the cofactor is probably 
used up more rapidly than it is regenerated by the cell. Hence, 
the rate of uracil reduction will decrease with time, and the 
catabolic capacity determined in this way will be variable and 
less than that of the liver in vivo. 

Another approach to the problem is to determine separately 
each of the factors which influence the catabolic capacity. The 
results of the present work suggest that two factors probably 
control this capacity, (a) the amount of DHU dehydrogenase, 
and (b) the concentration of TPNH. Determinations described 
above show that the amount of enzyme corresponds to the 
reduction of about 0.75 umole of uracil in 10 minutes per g of 
liver. Glock and McLean (26) found that normal rat liver 
contained 217 ug of TPNH per g of tissue. The work of Jacob- 


son and Kaplan (19) indicated an even still higher value. If 
we, aS an approximation, assume that TPNH is evenly distrib- 
uted within the volume of the tissue, the concentration should 
be at least 32 x 10-5 m. This value is about four times greater 
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than the TPNH concentration required to saturate the enzyme 
(Fig. 4). In other words, the amount of DHU dehydrogenase 
should be the only factor which limits the catabolic capacity 
of normal liver. 

The approximate catabolic capacity of the intact rat may be 
calculated from data of Rutman et al. (23). These investigators 
studied the conversion of the labeled ureido carbon of uracil to 
respiratory C“O2. If the amount of radioactivity excreted in 
the first 3 hours is taken as a measure of the rate of degradation, 
and the assumption is made that the relatively large injected 
dose (20 mg) was sufficient to saturate the degrading system, 
the catabolic capacity corresponded to the degradation of 3.7 
umoles of uracil in 10 minutes. According to our results the 
total DHU dehydrogenase activity of liver corresponded to the 
reduction of 6.8 uwmoles, assuming that the weight of the liver 
was 9g. This activity is about twice that calculated from the 
experiments in vivo. But the result of the calculation in vivo 
is probably too low since the experiments indicated that the 
rate of breakdown decreased with time. Furthermore, absorp- 
tion of the dose was not complete immediately after injection 
(23). Consequently, the enzymatic activity determined by the 
method described in this paper might well express the true 
catabolic capacity of the normal liver in vivo. However, the 
possibility cannot be excluded that in the intact cell other reg- 
ylatory factors also control the activity of this pathway. The 
results support the view that uracil catabolism is restricted to 
the liver. 

Glock and McLean (26) reported on the gradual reduction 
in the TPNH content of rat liver undergoing carcinogenesis. 
The average values for normal rat liver, liver from tumor-bearing 
rats, and liver tumors were, respectively, 217, 92, and 28 ug 
per g of tissue. With the assumption made above the corre- 
sponding TPNH concentrations are 32 X 10-5 M, 14 X 107° M, 
and 4 X 10-5, respectively. This calculation shows that only 
in the tumor the TPNH concentration is less than the concentra- 
tion required for optimal enzymatic activity (Fig. 4). Thus, the 
capacity of this tissue to degrade uracil should be limited not 
only by the enzyme, but also by the TPNH level. 

The TPNH concentration in the nonparticulate liver cell 
cytoplasm may be different from those calculated. But the 
results are suggestive of the existence of a certain stage in the 
carcinogenesis at which the TPNH concentration changes from 
a nonlimiting to a limiting level. It seems reasonable to suggest, 
however, that a reduced capacity of liver tumors to degrade 
uracil (5) is due not only to a limiting TPNH level, but also 
to a decreased level of DHU dehydrogenase in these tissues. 
Further studies on this point are in progress. 


SUMMARY 


Dihydrouracil dehydrogenase has been partially purified from 
the soluble cytoplasmic fraction of rat liver. The stoichiometry 
of the enzymatic reduction of uracil has been investigated. Ki- 
netic properties, optimal conditions, and reversibility data for 
the enzyme are presented. 

A procedure for the quantitative determination of the enzyme 
in whole homogenate and in the soluble fraction is described. 
These preparations had identical activities, corresponding to the 
reduction of about 0.75 umole of uracil in 10 minutes per g of 
fresh liver. The significance of the experimental results with 
reference to the capacity of intact rats to degrade uracil is dis- 
cussed. 
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Conditions for the protection of the cofactor TPNH during 


incubation with homogenate are described. 
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Inhibition and Activation of Polynucleotide 
Phosphorylase by Acridine Orange* 


F. BEeErs, JR. 
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Preliminary studies by Beers et al. (1) have shown that the 
zinc salt of acridine orange can either inhibit or accelerate the 
rate of polymerization of polynucleotides by polynucleotide phos- 
phorylase of Micrococcus lysodeikticus, depending upon the ex- 
perimental conditions. We have now confirmed these findings 
with the zinc-free dye. Some evidence for a reversal of inhibi- 
tion with degraded ribonucleic acid by acridine orange has also 
been obtained (2). Acridine orange forms two classes of com- 
plexes with polyribonucleotides. The first complex (Complex I) 
occurs with the nucleotides along the chain of the polymer and 
presumably involves both the phosphate and base of each nucle- 
otide unit (3, 4). The second complex (Complex II) apparently 
involves only the terminal phosphate group of the polymer (1, 
5). The binding of the dye by the two kinds of sites of the poly- 
mer is influenced by such factors as Mg, ionic strength, and pH 
(5), all of which also influence the polymerization reaction of cat- 
alyzed polynucleotide phosphorylase. 

In view of the specific nature of these reactions of acridine 
orange a more detailed study of the effects of the dye on poly- 
merization of polyadenylic acid has been undertaken. It was 
hoped that a correlation of the effects of Mg, KCl, and polymer 
on the action of the dye in the enzyme system and on the dye 
binding properties of polyadenylic acid would give some indica- 
tion of the site or sites of action of the dye. To a limited extent 
this objective has been accomplished. 


EXPERIMENTAL 


Acridine orange, supplied by the National Aniline Division of 
the Allied Dye and Chemical Corporation, contains 1 mole of 
zinc per mole of dye, a fact not specified by the distributor of this 
dye.! Crystallization of the free base in 1 N NH,OH leaves the 
metal in solution as the ammonium complex, which can be 
washed free from the crystals of dye. The free base of the dye 
is relatively insoluble in water and can be converted to soluble 
hydrochloride form with HCl. Two crystallizations of the dye 
have been found to be sufficient to remove all the zinc, as evi- 
denced by failure of the dye to produce a zine complex with di- 
phenylthiocarbazone in CCl, at pH 6.0 (aqueous phase). <A 
stock solution of the dye was prepared as the hydrochloride, final 
pH 4.0, at a concentration of approximately 0.04 m. Specific 
concentrations of the dye were made by dilutions with distilled 
water. The concentration of the dye was estimated from its 


* This work has been supported by the Louise C. Bowles Re- 
search Fund, by United States Public Health Service grant C-3293, 
National Cancer Institute, and by a grant from Miles Laboratory, 
Inc., Elkhart, Indiana. 

1 Fisher Scientific Company, catalog 120-c, 1956. 


absorption at 495 my, using the extinction coefficient calculated 
from the data of Zanker (6): 4.9 X 104. The dye solution follows 
the Beer-Lambert law up to an optical density of 0.4, the region 
in which the concentrations were determined. : 

Methylene blue-HCl (National Aniline Division) was used in 
a few preliminary studies without purification. No metal was 
detected in this product. Concentrations of the dye were esti- 
mated from its absorption at 665 my, with the extinction co- 
efficient of 7 X 104 estimated from the data of Wotherspoon and 
Oster (7). 

Polynucleotide phosphorylase was prepared from M. lyso- 
deiktticus as described elsewhere (8) with some modifications, 
After lysis of 10% suspensions of the cells (20- to 40-g lots) in 
0.5% NaCl at pH 8.0, a broad (NH,4)2SO, fractionation was 
made between 0.3 and 0.65 saturation. The precipitate was 
dissolved in 0.1 m Tris, pH 8.0, and dialyzed against distilled 
water for 8 to 12 hours in the cold. The solution was lyophil- 
ized and stored in the deep freeze. Solutions (1%) of the lyo- 
philized material in the Tris buffer were fractionated between 0.43 
and 0.57 saturation with (NH,).SOQ,. The precipitate was 
dissolved in the same buffer and fractionated stepwise with 
acetone at —5°. Considerable variation in the activity dis- 
tribution pattern of the enzyme occurs in the acetone fractiona- 
tion procedure, but the major activity of the enzyme is in the 
40 to 50% acetone fraction. The acetone precipitate was dis- 
solved in Tris buffer and refractionated with (NH,4)2SO, between 
0.43 and 0.57 saturation. The final precipitate was dissolved 
in a small volume of the Tris buffer and dialyzed against the 
same buffer for several hours. These preparations contained 
adenylate kinase activity, but no demonstrable phosphatase or 
nuclease activity toward the substrate or the “product.” Only 
trace quantities of nucleotide material were present: 280:260 
my ratios varied from 1.3 to 1.64. 

Although a variety i enzyme preparations have been used in 
these studies, only the'results obtained with E133 and E134 are 
described in this paper. In an effort to reduce still further the 
possible contamination of the enzyme preparations by the poly- 
nucleotides, several procedures involving specific adsorption of 
the nucleotide material have been examined, the details of which 
will be presented in a later paper. The polynucleotide phos- 
phorylase preparation, E134, has been treated with Norit A; 
final 280:260 my ratio, 1.66. 

A crude preparation of polynucleotide phosphorylase was also 
prepared from lysed cells of Bacillus subtilis. After lysis in 
0.5% NaCl with lysozyme at pH 8.0 the preparation was centri- 
fuged at 15,000 r.p.m. for 30 minutes. The supernatant was 
fractionated between 0.3 and 0.5 saturation with (NH,)2SO, 
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The precipitate was dissolved in 0.1 m Tris, pH 8.0. The 
280:260 my ratio of the preparation was 0.5. 

Polyadenylic acid was synthesized with M. lysodeikticus poly- 
nucleotide phosphorylase and isolated as described elsewhere 
(9). The polymer was dissolved in distilled water and the con- 
centration determined from the organic phosphate content. 
Enzyme assays based on the rate of inorganic orthophosphate 
production were performed as described elsewhere (8). Protein 
and nucleic acid content of the enzyme preparations were esti- 
mated from the optical densities at 280 and 260 muy, with the 
data reported by Warburg and Christian (10) for mixtures of 
enolase and RNA. 


RESULTS 


Preliminary Studies—Although much of the early work with 
acridine orange was performed with the zinc salt of the dye, the 
influence of the zinc at the concentration of dye used was negli- 
gible because of the high pH used in these studies (pH 9 to 9.5). 
However, at pH 7 to 8 the metal competes effectively with the 
dye for the Complex II sites. Moreover, it can replace Mg as 
the activating metal in the low pH region. The activating 
effect of the dye in the polymerization of polyuridylic acid at 
low pH, reported previously to occur in the absence of Mg (11), 
resulted from the activating effect of the metal associated with 
the dye. Studies with the free dye under similar experimental 
conditions failed to show any activation. 

Acridine Orange-activity Curve—The shape of the activity 
curve of polynucleotide phosphorylase with increasing concen- 
trations of acridine orange depends upon several factors which 
will be considered below. Fig. 1, Curve a, gives the results of 
an experiment with an uncomplicated system. 

An apparent “threshold” concentration of the dye is required 
before any significant inhibition of the enzyme occurs. At 
intermediate concentrations of the dye, the system is markedly 
sensitive to the action of the dye. When corrected for the thresh- 
old quantity of dye, the concentration of dye giving 50% in- 
hibition, Is, is approximately 8 um. However, at higher con- 
centrations of the dye the inhibition reaches a limiting value of 
only 80%. The “residual activity” as shown below is an arti- 
fact. 

RNA or polyadenylic acid can reverse the inhibition by the 
dye (1). Therefore, it is possible that the contaminating poly- 
nucleotides in the enzyme preparation protect the enzyme 
against low dye concentrations. We should expect that varying 
the enzyme concentration would vary the threshold concentra- 
tion of the dye. However, the concentration of the polynucleo- 
tide material in the assay mixture is too low to account for this 
effect (approximately 0.6 um compared with 10 um dye). More- 
over, a 3-fold increase in the concentration of the enzyme does 
not significantly change the threshold concentration of the dye, 
provided the extent of the reaction in the absence of the dye is 
the same with the different enzyme concentrations, 2.e. the re- 
action time is decreased to one third with the higher enzyme 
concentration. 

The second possibility is a trimolecular reaction involving 
2 dye molecules. Indeed, some of the experimental curves 
obtained coincided very closely with a theoretical curve derived 
from the equation for a trimolecular reaction. However, these 
findings were fortuitous and could not always be duplicated. 

Preincubation of the enzyme does not change the general 
characteristics of the acridine orange-activity curve, although 
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Fig. 1. Acridine orange-activity curve. Enzyme E134; 3 ml of 
reaction mixture contained 0.017 m Tris at pH 9.0, 0.2 m KCl, 
0.67 mm MgCl,; the temperature was 37°. Curve a, 0.67 mm ADP, 
0.114 mm polyadenylic acid synthesized during assay time of con- 
trol; Curve b, 1.14 mm ADP, 0.124 mm polyadenylic acid synthe- 
sized during assay time of control; Curve c, 2.28 mm ADP, 0.114 
mM polyadenylic acid synthesized during assay time of control. 


the flat plateau region at the low dye concentration is often 
replaced by a sloping curve. Comparison of the shape of the 
dye-activity curves in Fig. 1 with those to be discussed below 
points out marked variation in the steepness of the slope of the 
threshold region and of the inhibitory region of the dye in differ- 
ent experiments. 

Effect of Acridine Orange on Time Course of Polymerization 
Reaction—In Fig. 2 is shown the time course of the polymeriza- 
tion reaction with different concentrations of acridine orange. 
With the exception of the highest dye concentration, 40.8 um 
(Curve e), the rate of polymerization shows an initial lag (Curves 
a and b) or a marked autocatalytic character (Curves c and d). 
The inhibition of the dye decreases with increasing concentra- 
tion of polymer during the course of the reaction. Curve a 
actually shows a short period of activation by the dye after the 
initial inhibitory phase is overcome, a finding observed on 
several occasions. Significantly, however, unless the concentra- 
tion of the polymer exceeds the concentration of the dye during 
the 30 minutes of the reaction time, the inhibition of the dye is 
not reversed. In Curve e, for example, the final concentration 


_of the polymer at 30 minutes is 33 um, whereas that of the dye is 


40.8 uM. 

Also shown in Fig. 2 is the reaction in presence of 40.8 um 
acridine orange with 1.25 mm ADP to which polyadenylic acid 
has been added after 10 minutes of reaction time, final concen- 
tration 0.95 mm. The inhibition is promptly anid completely 
reversed by the polymer. (The data have been normalized to 
permit the use of the same control curve for both sets of experi- 
ments). 

These studies show that the observed inhibition by the dye 
during a given period of time depends upon the rate of poly- 
merization reaction and the time allowed for assay. The in- 
hibition is not constant but decreases during the reaction. 
Thus, any variable which decreases or increases the rate of the 
reaction will increase or decrease, respectively, the observed 
degree of inhibition of the dye. It is apparent, therefore, that 


\\ 

ted | 
OWS 
1 in 

sti- 

co- 
and 

80- 
ns. 
) in 

vas 

led 
hil- 
yo- 

43 
vas 

ith 

na- 

he 
lis- 
pen 
red 

he 

ed 

or 

ly 
60 

in 
are 

he 
ly- 

of 

ch 
A; 
Iso 

in 

ri- 
"as 

4. 


b 
40- 
ig 
= 
/ 
& d 
S, 
© / 
/ 
/ 
Q. x 
/ 
oO / 
7 / 
x 
/ 
/ e 
/ 
20 30 
MINUTES 


Fig. 2. Effect of acridine orange on the time course of poly- 
merization reaction. Enzyme E134, 280:260 mu ratio 1.66; 10 ml 
of reaction mixture contained 0.02 m Tris at pH 9.0, 0.2 m KCl, 
0.8 mm MgCl., 2.6 mm ADP, temperature 37°; 1 ml aliquots were 
removed for orthophosphate determination. Curve a, 20 um dye; 
Curve b, 25 um dye; Curve c, 30.6 um dye; Curve d, 35.7 um dye; Curve 
e, 40.8 um dye; Curve z, 40.8 um dye, 1.25 mm ADP, and 95 uo poly- 
adenylic acid were added at 10 min; rates were normalized with 
control with 2.5 mm ADP. 


the inhibition constant, Is, does not measure the affinity of 


the dye for the active site of the enzyme-catalyzed reaction. 

Similar results have been obtained by adding the dye at vary- 
ing intervals during the polymerization reaction. In Fig. 3 is 
shown the extent of inhibition by 75 um dye added to the re- 
action mixtures at different time intervals after initiation of the 
polymerization. The inhibition indicated by the decrease in 
slopes of the rate curves after the addition of the dye (vertical 
arrows) decreases only slightly during the first few minutes of 
the reaction when the concentration of polymer synthesized is 
less than 75 ym. At this concentration (Arrow No. 5), however, 
the extent of inhibition decreases sharply with further changes 
in polymer concentration. 

The inhibition by the dye is not instantaneous since the 
extrapolated slopes of the dye-inhibited curves do not pass 
through the points on the control curve when the dye is added. 
This is true even when the dye was added several minutes be- 
fore the commencement of the polymerization reaction. Similar 
results are seen in Fig. 2. The rate curves with 40.8 um dye 
show an initial rate of orthophosphate release greater than that 
observed during the remainder of the reaction time. It appears, 
therefore, that the inhibition by the dye occurs only or primarily 
after the polymerization reaction has commenced. 

Effect of ADP on Acridine Orange-activity Curve—In view of 
the fact that the product of the reaction, polyadenylic acid, 
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effectively reverses the inhibition by the dye during the poly- 
merization reaction, it is necessary to measure the relative 
extent of inhibition by the dye under conditions in which the 
amount of polymer produced in the controls during the assay 
time is the same for each change in rate resulting from a change 
in one or more variables (other than dye). This condition ig 
inherent in a single dye-activity curve in which all the variables 
but the dye are constant. However, to compare different dye- 
activity curves it is necessary to vary either the time or the 
concentration of the enzyme to assure a constant amount of 
polymer produced in each of the controls without dye. The 
reaction with the dye is allowed to proceed for the same length 
of time as is the corresponding control. 

In Fig. 1 is shown the effect of varying ADP concentration on 
the acridine orange-activity curve. The time of the reactions 
was varied in the controls. Polynucleotide phosphorylase prep- 
aration E134 was used. Both the level of activity during and 
the extent of the “threshold” region increases with increasing 
ADP concentration. These results indicate that the magni- 
tude of the “threshold” region reflects both the continual reversal 
of the inhibition by the polymer being synthesized and some 
other factor which increases with ADP concentration. The 
possibility that this additional factor represents an increase in 
the concentration of polymer molecules is discussed below. 

Effect of Acridine Orange on ADP-activity Curve—Earlier, it 
was shown that, with the zinc dye, increasing ADP concentra- 
tion partially reversed the inhibition by the dye (time of assay 
constant, polymer production increasing) (1). These studies 
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Fic. 3. Effect of extent of reaction on inhibition by acridine 
orange. Enzyme E134; 10 ml of reaction mixture contained 0.02 
M Tris at pH 9.0, 0.2 m KCI, 80 uM MgCl, 1.25 mm ADP; the tem- 
perature was 37°. Aliquots of 1 ml were removed for orthophos- 
phate determination. Acridine orange was added at intervals as 
indicated by vertical arrows. 
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were repeated with zinc-free dye and gave the same results. In 
Fig. 4 is shown the amount of inorganic orthophosphate released 
in 20 minutes at varying ADP concentrations with different 
levels of dye concentration. At low dye concentration there is 
a loss of polymer independent of the ADP concentration. If 
the “rates” of the reaction are corrected for this loss of polymer, 
the Michaelis and maximum velocity constants are independent 
of the dye concentration. At a higher concentration this rela- 
tionship is replaced by a continuous curve which represents the 
“residual activity” of the enzyme, a value that increases with 
ADP concentration. 

Effect of Polyadenylic Acid on Inhibition of Acridine Orange— 
Polyadenylic acid activates the polymerization reaction if the 
salt concentration is sufficiently high to produce inhibition (5). 
The activating effect is more marked at low than at high Mg 
concentration which suggests a reciprocal relationship between 
ionic strength and Mg that involves a Mg-polymer complex. 
The shape of the polyadenylic acid-activity curve is similar to 
to that observed with KCl or Mg (Fig. 5A, dashed curves). It 
is not known whether this activation by polyadenylic acid repre- 
sents a reversal of inhibition by residual RNA contaminates (2), 
a primer effect (12), or a nonspecific effect associated with the 
polyelectrolyte character of the polymer. Similar activation 
can be demonstrated with yeast RNA at high salt concentration, 
provided the period of incubation of this enzyme with the RNA 
is brief. 

The activating effect of polyadenylic acid is even more marked 
in the presence of the dye. Fig. 5A shows the rate of poly- 
merization in the presence and absence of 0.27 mm dye. Fig. 
5B shows the percentage of activity of the reaction in presence 
of the dye as compared with the reaction in the absence of dye. 
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Fia. 4. Effect of acridine orange on the ADP-activity curve. 
Enzyme E133; 3 ml of reaction mixture contained 0.02 m Tris at 
pH 9.0, 0.02 m KCl, 0.8 mm MgCl; the temperature was 37°. Rate 


recorded as the amount of orthophosphate produced at the end of 
20 minutes. 
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Fig. 5A. Effect of acridine orange on the polyadenosine acid- 
activity curve. Polynucleotide phosphorylase E134; 3 ml of re- 
action mixture contained 1.7 X 10-? m Tris at pH 9.0, 1.0mm ADP; 
the temperature was 37°. @ @, No KCl 0.133 mm MgCl,; 
@——@, no KCl, 0.133 MgCl., 27 mm dye; X x, 0.4m KCl, 
3.3 mM MgCl.; X——-, 0.4 m KCl, 3.3 mm MgCl, 0.27 mm dye. 

Fic. 5B. Effect of polyadenylic acid on acridine orange activa- 
tion. Percentage of activity estimated from data in Fig. 5A. 
@ @, No KCl, 0.133 mm MgCl.; K——-x, 0.4 m KCl, 3.3 mm 
MgCl.. 


In one set of experiments (x——— X the concentration of Mg 
was very high, 3.3 mm with 0.4 m KCl. In the other set of 
experiments (@——— @) the Mg concentration was limiting, 0.157 
mM, with no KCl. 

The inhibition by the dye is reversed when the dye polymer 
ratio is approximately one. A slightly higher concentration of 
polymer is required at the low Mg and KCl concentration. At 
polymer-dye ratios greater than one, the rate of polymerization 
is increased by as much as 90%. When the polymer-dye ratio 
exceeds 2 the activating effect of the dye is considerably reduced. 
The similarity in the position of the optimum polymer concen- 
tration in the absence of the dye and optimum dye-polymer 
ratio in the activity curve is coincidental, inasmuch as, at the 
lower dye concentrations the optimum concentration of polymer 
activation is lower. 

Acridine Orange-activity Curve with B. subtilis Polynucleotide 
Phosphorylase—The activating effect of the dye in the presence 
of slight excess of polyadenylic acid can also be demonstrated 
with a B. subtilis polynucleotide phosphorylase preparation 
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Fia. 6. Effect of Mg on the acridine orange-activity curve. 
Enzyme E133; 3 ml of reaction mixture contained 0.012 m Tris at 
pH 9.0, 1 mm ADP, 0.2 m KCI; the temperature was 37°; 0.33 mm 
MgCl., 0.101 mm polyadenylic acid synthesized during 10-minute 
assay of control; 1.7 mm MgCl», 0.109 mm polyadenylic acid syn- 
thesized during assay of control. 


containing a substantial quantity of RNA (280:260 my ratio 
0.5). This emphasizes the fact that the quantity of dye re- 
quired to inhibit a particular enzyme preparation will depend 
upon the concentration of polynucleotide material present. 

Effect of Mg on Acridine Orange-activity Curve—Fig. 6 shows 
the effect of two concentrations of Mg on the acridine orange- 
activity curve. The prevention of dye inhibition by Mg is 
clearly evident. 

Effect of Acridine Orange on Mg-activity Curve—The shape of 
the Mg-activity curve in the presence and absence of acridine 
orange is shown in Fig. 7. In this experiment the change of 
activity of the enzyme with varying Mg concentration was not 
corrected for the variation in the amount of polymer formed at 
the end of the assay period, a constant interval. Consequently, 
some of the reversal of inhibition observed at the suboptimal 
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Mg concentration is the result of the autocatalytic reversal 
mechanism. However, the experiment shows the reversal of 
Mg inhibition at higher dye concentrations. This is a variable 
finding with different enzyme preparations that may be related 
to the RNA content of the enzyme preparation. One enzyme 
preparation, E129, showed a 2-fold increase in the rate with the 
addition of acridine orange at the high Mg concentration. A 
second variable is the degree of inhibition by Mg at high con- 
centrations. | 

In Table I are recorded the extent of polymer synthesis at 
three Mg concentrations with and without acridine orange. 
The experiment was performed with E134. The concentration 
of the enzyme was varied to give approximately the same rates 
for each Mg concentration in the controls, except for the lowest 
concentrations where the range of polymer production straddled 
the values obtained with higher Mg concentration. The ability 
of Mg to reverse the inhibition by the dye independently of the 
catalytic effect of the metal is clearly shown. 

Effect of KCl on Acridine Orange-activity Curve—The major 
effect of increasing or decreasing the KCl concentration from 
0.2 M appears to be to decrease or increase, respectively, the 
threshold concentraion of the dye, 7.e. in the ability of a given 
amount of polymer to reactivate the enzyme. 

Effect of Acridine Orange on KCl-activity Curve—Fig. 8 shows 
the salt activation curve of E134 without acridine orange and 
the percentage of inhibition by the dye as a function of KC] 
concentration. The presence of the dye sharpens the KCl 


TABLE 
Reversal of acridine orange inhibition by Mg* 


MgCl. X 10-5 M 1 1 4 20 
Rate of control X 10-5 mM permin..| 1.42; 1.08 | 1.21] 1.20 
Rate of inhibited enzyme X 1075 
0.76; 0.59; O.91 | 1.08 
Per cent inhibition.............. 46 45 28 10 


* Reaction mixture contained 0.2 m KCl, 17 mm Tris, pH 9.0, 
0.101 mm ADP, 0.0175 mo acridine orange or water, temperature, 
37°. 
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Fic. 7. Effect of acridine orange on the Mg-activity curve. 


Enzyme E132;3 ml of reaction mixture contained 0.017 mm Tris at 


pH 9.0,0.2m KCl, 1 mm ADP; the temperature was 37°. O——O, Control; @——@®, 68 uM acridine orange; X——X, % activity of 


dye treated system. 


730 
0. 
cu 
co 
cre 
to 
: 
or: 
mi 
va 
TI 
| | tw 
be 
me 
sh 
old 
anc 
Th 
in 
ad 
ade 
dye 
The 
pol 
Fig 
me 
of 
tior 
nist 
por 
| 


March 1960 R. F. Beers, Jr. 731 
i4 
= 
™ 
— 
100 
8 x< 
a 
6x 
= 50 
oO 
O | | LJo 
O 0.1 0.2 0.3 0.4M. 
KCl 


Fic. 8. Effect of acridine orange on the KCl-activity curve. Enzyme E134; 3 ml of reaction mixture contained 0.017 mm Tris 


at pH 9.0, 1.06 mm ADP, 0.40 mm MgCl.; the temperature was 37°. 


Reactions stopped when controls yielded approximately 


0.15 mm polyadenylic acid. O——O, Control; @——®@, % inhibition by 67 uM acridine orange. 


curve and shows a minimum inhibition at a KCI concentration 
corresponding approximately to the optimum value. The in- 
crease in inhibition at high KCl concentration may be related 
to the activating effect of the dye at critical polymer concentra- 
tions. 

Effect of pH on Inhibition of Acridine Orgnge—Three acridine 
orange-activity curves at pH 7, pH 8, and pH 9 were deter- 
mined. Both the time and concentration of the enzyme were 
varied to produce identical rates of polymerization at each pH. 
The inhibition by the dye is greatest at low pH. 

Methylene Blue Inhibition—Methylene blue forms the same 
two classes of complexes with polynucleotides (5). Therefore, 
if the mechanism of inhibition by acridine orange is through 
specific reactions with polyadenylic acid, similar results should 
be expected with methylene blue. A few preliminary experi- 
ments have been performed to confirm this. Methylene blue 
shows the same kind of inhibitor-activity curve with the thresh- 
old and residual activity regions. With E133 0.66 mm MgCl. 


and 0.2 m KCI at pH 9.0, 48 um inhibited the reaction 84%. 


The increase of the Mg concentration to 6.6 mM decreased the 
inhibition by methylene blue concentration to only 24%. The 
addition of polyadenylic acid reverses the inhibition completely. 


DISCUSSION 


These results show that when the concentration of poly- 
adenylic acid nucleotide units exceeds the concentration of the 
dye by a few per cent, no inhibition by acridine orange occurs. 
Therefore, the binding of the dye by the majority of sites of the 
polymer does not result in any inhibition. Indeed, as shown in 
Fig. 5B the dye appears to increase the reactivity of the poly- 
mer. The activating effect of the dye disappears when the ratio 
of nucleotide bases to dye exceeds 2. The mechanism of activa- 
tion by the dye cannot be clearly understood until the mecha- 
nism of activation by the polymer is known. 
this instance that the added polymer acts as a buffer to main- 
tain the proper ratio of dye to polymer during a significant 
portion of the assay period. This would result in a prolonged 


activating effect by the dye which could exist only briefly with 
lower concentrations of polymer (cf. Fig. 2, Curve a). A possi- 
ble mechanism of activation by the dye may be the neutraliza- 
tion of the negative charges of the polymer by the cation dye. 
A similar method of activation by the shielding effect of KCl 
has been proposed (8). The activating effect of the dye on 
B. subtilis polynucleotide phosphorylase resembles the findings 
with mixtures of polyadenylic acid and M. lysodeikticus poly- 
nucleotide phosphorylase. 

Prompt and nearly complete inhibition occurs when the dye 
to polymer ratio exceeds one, but this ratio increases with Mg 
concentration. Small quantities of dye produce little or no 
inhibition. These results mitigate against the possibility that 
inhibition occurs via the formation of Complex II as proposed 
previously from preliminary studies (1). The increase in in- 
hibition at low pH does not conform to the pattern of dye bind- 
ing observed in the formation of Complex II. Finally, and 
most important, it is difficult to see how the formation of Com- 
plex I could reverse the inhibition caused by Complex II, since 
the former does not exist until the available Complex II sites 
are filled (5). There remains the possibility, however, that 
under the experimental conditions used, the major fraction of 


~ Complex II is not formed until the Complex I sites have been 


It is possible in | 


saturated. The shape of the inhibition curve with acridine 
orange and varying KC] and Mg would suggest the Complex II 
is the mechanism of inhibition. 

The hypothesis for a Complex II site as distinct from Complex 
I sites has been discussed elsewhere (5). The fact that it is 
inert in the inhibition and activation studies makes the argu- 
ments for or against (13) this hypothesis of less importance in 
these studies. However, in the interpretation of these studies, 
the inert feature of the 5’-phosphate group in both polymeriza- 
tion and phosphorylysis of polyadenylic acid has been shown 
by the studies of Singer et al. (12). In this respect the present 
studies are consistent with the hypothesis for a specific Complex 
II site, 7.e. the 5’-phosphate group at the end of the polymer 
chain. 


The dye could inhibit by reacting with some active site other 
than on the polymer. As pointed out elsewhere (5), little free 
dye exists in the solution until all of the Complex I and most of 
the Complex II sites are filled. This small quantity of “free 
dye” increases with ionic strength. Thus, increasing the salt 
concentration should cause only an increase in inhibition. The 
effect of salt on dye inhibition is not consistent with this. Fur- 
thermore the inhibition is not complete until after the initiation 
of the polymerization reaction. Since the major new species 
- appearing in the reaction mixture is the polymer (orthophos- 
phate has no effect on the dye properties with or without Mg 
aside from that attributable to the ionic contribution of the 
phosphate), it is most probable that the dye inhibits either by 
reacting with the polymer, which then inhibits the enzyme, or 
the dye reacts with the polymer-enzyme complex. 

The third possible mechanism of inhibition is the formation 
of Complex I with the terminal nucleotide bases. We have no 
data at present to evaluate this possibility because we know 
nothing about the reactivity of the terminal Complex I sites. 
Inhibition may occur when the dye binds the last two or three 
sites at the 3’-OH end of the chain, the point of attachment 
of new nucleotide units (12). , 

The ability of the enzyme-ADP system to overcome the in- 
hibition by the dye is a function of the rate and extent of pro- 
duction of polymer. For a given dye concentration and over a 
wide range of ADP concentration, there is a net constant loss 
of polyadenylic acid synthesis compared with that of the con- 
trol. This is true provided the inhibition of the polymerization 
in the presence of the dye has been overcome during the time 
of assay. The reason for this phenomenon is inherent in the 
mechanism of reversal of inhibition. Irrespective of the rate 
at which polymerization occurs or the manner in which the rate 
is varied, i.e. enzyme or substrate concentration, the inhibition 
is effectively reversed when the polymer concentration equals 
the dye concentration. Moreover, the extent of inhibition 
during this recovery phase is a function of the polymer concen- 
tration at any given time. Therefore, a constant lag in the pro- 
duction of polymer will take place. At higher dye concentra- 
tions where the inhibition is not successfully overcome during the 
period of assay, either because of the excess dye or because the 
rate of reactivation by the polymer is too slow, this constant 
relationship between net loss of polymer and dye concentration 
is lost. 

An additional factor in the recovery process also exists. This 
is illustrated in Fig. 1. The recovery resulting from the syn- 
thesis of polymer has been compensated for in this experiment. 
_Nevertheless, an increase in the substrate -oncentration re- 
verses the inhibition slightly. One possible explanation for this 
phenomenon is the increase in the concentration of polymer 
molecules with increasing ADP concentration (5). If, as has 
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been postulated elsewhere (10), the major limiting component 
in this system is the concentration of polymer molecules, then 
increasing this concentration with increasing ADP concentration 
could result in some reversal of dye inhibition. Studies now in 
progress show that at high salt concentration the activating 
effect of polyadenylic acid is associated with decrease in the 
Michaelis constant for ADP and no significant change in the 
maximum velocity constant. 


SUMMARY 


The inhibition and activation of polynucleotide phosphorylase 
by acridine orange has been studied as a function of several 
variables known to influence the enzymatic reaction and the 
binding of the dye by polynucleotides. The rate of polymeriza- 
tion reaction is autocatalytic in the presence of intermediate 
concentrations of the dye, but the inhibition is not complete 
until after the synthesis of some polymer has occurred. When 
the concentration of polymer bases exceeds that of the dye, the 
inhibition is reversed; at polymer dye ratios of approximately 
unity the dye strongly activates the enzyme. Inhibition is 
reversed by increasing or decreasing the salt concentration to 
approximately 0.1 to 0.2m KCl. It is concluded that inhibition 
occurs via the formation of a polymer-dye complex that prob- 
ably involves the phosphate groups at the 3’-OH end of the 
chain; activation occurs via the formation of dye-polymer 
complexes along the remainder of the chain and may be the 
result of a neutralization of the negative charges. 
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It is a common experience that an enzyme assay method that 
gives linear, reproducible results when applied to purified prepa- 
rations fails to do so when applied to crude tissue homogenates, 
extracts, and soon. Probably the most frequently encountered 
complicating factors are naturally occurring inhibitors, and 
many instances can be found in the literature where the appar- 
ent total activity of some enzyme increases suddenly at a given 
stage of purification, because of removal of an inhibitor. 

A comparable difficulty may arise when, in assaying crude 
preparations of naturally occurring enzyme inhibitors, activating 
substances are simultaneously introduced. This problem has 
been encountered in attempts to assay the naturally occurring 
inhibitor of the neutral deoxyribonuclease (DNase I). An 
activator of this enzyme is ubiquitously present in inhibitor 
preparations, and since the activator is detectable at tissue 
concentrations below those showing inhibitor activity, serious 
deviations from linearity occur in inhibitor assays. The exist- 
ence of this activator was first noted in 1956 (1). More recently 
Wiberg (2) suggested in a footnote that the actual activation 
was probably due to the presence of calcium ion in our prepara- 
tions. The present paper (a) demonstrates the existence in 
tissues of an activator other than Cat+, (b) describes some of its 
properties, and (c) describes an inhibitor assay system in which 
the DNase I is fully activated, so that the inadvertent addition 
of extra activator in crude extracts is without effect, thus per- 
mitting inhibitor assays which are linear with concentration 
over a fairly wide range. 


EXPERIMENTAL 


Methods and Materials 


The DNase used was a crystalline preparation purchased from 
Worthington Biochemical Corporation. It was dissolved in 
water at a concentration of 34 wg per ml and stored frozen in 
plastic bottles of about 30-ml capacity. For a given day’s use, 
a bottle was thawed out in a 37° bath, then kept in ice. As 
quickly as possible, the enzyme was diluted as necessary, mixed 
with tissue extracts, and so on, as described below, and 1.0-ml 
aliquots were measured into siliconized 15-ml round-bottomed 
glass centrifuge tubes, then immediately covered with Parafilm 
and stored in a Dewar flask containing solid CO>. 

Substrate mixtures were also prepared in siliconized tubes. 
Each tube contained (except as specifically noted) 4 ml of DNA 
solution (DNA prepared by the method of Marko and Butler (3) 
and dissolved at 2 mg per ml of Veronal buffer, pH 7.4), 2 ml of 
0.45 m MgSO,, 1 ml of 0.045 m CaCl, and 2 ml of water. The 
tubes of substrate mixture were kept at room temperature. To 


* This work was performed under the auspices of the United 
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begin an assay, a substrate tube was placed in a 25° bath for 5 
minutes, and 2 minutes after the beginning of this time, a tube 
of frozen enzyme mixture was placed in the 25° bath. Three 
minutes later, the 2 tubes were removed, briefly dried, and poured 
back and forth to a total of four pourings. An electrical timer 
was begun (‘“‘zero time’) with the first mixing. Five milliliters 
of solution were immediately pipetted into a prewarmed (to 25°) 
Ostwald viscometer, and a series of viscosity readings was ob- 
tained as quickly as possible. Initial viscosity values were meas- 
ured on separate samples, in which water replaced the enzyme 
solution. The viscometers used were very rapid,! with a cali- 
bration flow time of about 10 seconds. Such viscometers have 
the twin advantages that (A) quite active enzyme solutions may 
be assayed with fair accuracy, whereas (B) somewhat less active 
enzyme solutions may be assayed with increased accuracy. 

Enzyme activity was calculated by the method of Henstell and 
Freedman (4), with the exception that allowance was made in 
certain cases for an initial lag period, as described in the next 
section. Enzyme activity is expressed either in terms of Rj, 
the time required for the reduction of the intrinsic viscosity, 7, to 
reach 50% of its initial value, or in terms of enzyme units, which 
are defined as 100 per Rj. . 

Many of the findings reported below were confirmed with the 
method of Allfrey and Mirsky (5), by using the diphenylamine 
color reaction of Dische (6). ) 


RESULTS 


Initial Viscosity—An early difficulty encountered lay in er- 
ratic values for initial viscosities. When dealing with active en- 
zymes (Ry < approximately 100 seconds), it is essential that 
mixing be very rapid, as well as thorough, hence the adoption of 
the back-and-forth pouring technique, which permits the first 
viscosity determination to be started 30 to 40 seconds after mix- 
ing. However, it was noted that initial values for intrinsic vis- 
cosity tended to vary widely, probably due to inadequate mixing 
of the solutions, one of which contained the viscous DNA. To 
overcome this, mixing was done in siliconized tubes. In seven 
experiments, duplicate determinations in nonsiliconized tubes 
varied by an average of 13.8%; in seven experiments with silicon- 
ized tubes, duplicates varied by an average of 3.0%. 

Lag Period and Linearity of Assay—The existence of a lag pe- 
riod in the enzymatic degradation of DNA has been known since 
the initial purification of the enzyme from pancreas by Kunitz 
(7). The lag period is most evident with weakly active enzyme 
preparations; however, it is probable that a lag period exists even 
with quite active enzymes but cannot be detected because of tech- 


1T wish to thank Dr. David Yphantis for the valuable sugges- 
tion to use 10-second viscometers, and for helpful discussion gen- 
erally. 
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Fig. 1. Method of eliminating lag period from calculation of 
half-reaction time. 
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TABLE I 
DNase activity assay: establishment of range of enzyme 
concentration for linear assay of DNase activity 
Enzyme was maximally activated with Mg**, Cat, and heated 
liver supernatant. - 


SéC SéC 
5.0 0 44 2.27 0.45 
4.0 0 55 1.82 0.46 
3.0 6 66 1.52 0.51 
2.0 28 89 1.12 0.56 
1.0 53 158 0.63 0.63 
0.5 155 335 0.30 0.60 
0.25 320 645 0.155 0.62 
0.1 860 1720 0.06 0.60 
TaBLe II 
Effect of Ca** on Mgt**-activated DNase 
‘ration ‘ration R} Enzyme Control 
M M Sec % 
1 0.09 0.0000 162 0.62 
0.09 0.0009 100 88 1.14 184 
0.09 0.0045 20 50 2.00 323 
0.09 0.009 10 50 2.00 323 
0.09 0.018 5 55 1.82 294 
0.09 0.09 1 233 0.43 69 
2 0.09 0.0000 1260 0.079 
0.09 0.0009 100 570 0.175 221 
0.09 0.0045 20 230 0.435 551 
0.09 0.009 10 265 0.377 478 
0.09 0.018 5 320 0.313 396 
0.09 0.09 1 1540 0.065 82 


nical difficulties in taking readings immediately after mixing. 
The use of 10-second viscometers has shown short lag periods in 
active enzyme preparations which, in 30- or 60-second viscom- 
eters, appear free of any lag. Fig. 1 indicates our method for 
eliminating the lag period from the calculation of enzyme activ- 
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III 
Demonstration of DNase I inhibitor in rat tissues 


Extracts were prepared by homogenizing with cold water and 
centrifuging off particulate matter atmedium speed. No Cat+ wag 
added. 


Enzyme units 
Tissue tested 
DNase alone 
1 1% intestine extract 0.45 


1% testis extract 


2 5% whole blood cell extract 1.07 
1% whole blood cell extract 
3 1% spleen extract 1.67 


1% liver extract 
1% kidney extract 


0.11 
0.00 
0.00 
0.14 
0.00 
0.00 
0.00 


ity.2 The best curve is fitted visually to the non-lag portion of 
the data and extrapolated to the initial viscosity value. The 
time interval preceding this is considered to be a lag period, as 
shown on the figure. The validity of this method of calculating 
activity is indicated in Table I, which demonstrates linearity with 
enzyme concentration up to activities of approximately one 
DNase unit (Ry = 100 seconds). More active enzyme prepa- 
rations than this are less accurately assayed. The data of Table 
I were obtained with a fully activated enzyme preparation, i.e. 
in the presence of both magnesium and calcium ions, and also the 
heated liver preparation described below. Similar linearity has 
also been demonstrated with enzyme preparations in the presence 
of magnesium ion but with calcium ion and heated tissue prep- 
aration absent. 

Effect of Calcium Ion—Wiberg (2), with a colorimetric meas- 
urement of acid liberated, demonstrated clearly that Mgt+ ac- 
tivation of DNase activity was greatly enhanced by the presence 
of Cat* ion. Maximal effects were obtained with [Mg++] to 
[Ca++] ratios of approximately 25 (estimating from his figure). 
This result has been confirmed with the viscosimetric method, as 
shown in Table II. Based on the results of Table II, whenever 
Ca*+ was included, it was added to give a [Mgt*] to [Cat] ratio 
of 20, in order that small further additions of Ca++ with tissue 
preparations, and so on, would not cause significant further acti- 
vation. 

Heat-labile Tissue Inhibitor of DNase I—The existence in a 
variety of tissues of a heat-labile inhibitor of DNase I activity has 
by now been well documented (8-18). Its almost ubiquitous oc- 
currence in mammalian tissues (pancreas is an exception) is in 
fact probably the chief reason for the difficulty in demonstrating 
the existence in mammalian tissues of active DNase I (19). 
Table III provides some further indication of the wide distribu- 
tion of of the DNase inhibitor. The inhibitor is heat-labile, and 
careful preparation of the tissues in the cold is essential for its 
demonstration. 

Heat-stable Activator of DNase I—The demonstration in our 
earlier paper (1) of DNase activation by both heated and un- 
heated rat blood plasma proves to have been fortuitous in that 


2 This convenient method for determining the length of the lag 
period was first used in this laboratory by Dr. Ulrich Hagen, World 
Health Organization Fellow from the Heiligenberg Institute, 
Germany. 
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plasma has a negligible content of inhibitor. Most tissues, if 
carefully prepared in the cold and used in moderate concentra- 
tion, will strongly inhibit an active preparation of pancreatic 
DNase. However, all tissues tested will, after destruction of the 
inhibitor by heating, strikingly activate such DNase preparations, 
both in the presence and the absence of optimal amounts of Ca++ 
ion. The relation between calcium and tissue activator is shown 
by the data of Table IV, in which the source of activator was in 
all cases the supernatant fraction obtained by high-speed (ap- 
proximately 25,000 X g) centrifugation of a saline homogenate of 
mouse liver. 

Exhaustive dialysis, it may be noted, causes complete loss of 
the activating effect. 

The fact that a tissue extract inhibiting DNase will instead ac- 
tivate it if the inhibitor is destroyed by heating is more fully il- 
lustrated in Table V. In addition, inhibitory extracts may be 
changed to activating preparations by exposure to pH extremes 
(Table VI), by aging (Table VII), or by dilution (Table VIII). 

The last of these devices for demonstrating activation of DNase 
is of particular interest, since (a) it evidently does not involve 
destruction of the inhibitor, (b) it clearly indicates that activat- 
ing effects are obtainable from much more dilute tissue prepara- 
tions than are inhibitory effects, and (c) it indicates the necessary 
direction for establishing a valid assay of tissue inhibitor content. 

Assay of Tissue Inhibitor, with Fully Activated Enzyme—Ta- 
bles IV and VIII indicate that carefully prepared tissues, such 
as would be used for measurements of inhibitor content, may ex- 
hibit either inhibition or activation, in the presence or absence of 
optimal Ca+t+ion. Anattempt was therefore made to activate an 
enzyme preparation maximally, so that the unavoidable addition 
of activator concomitantly with the tissue to be assayed for in- 
hibitor would have no effect on the system. This has been 
achieved by the incorporation of optimal CaCl. (concentration in 
final mixture: 0.0045 M) in the substrate-Mg-buffer mixture, and 
incorporation of heated mouse liver (concentration in final mix- 


TABLE IV 


Effect of Cat* and of mouse liver homogenate on activity 
of crystalline DNase 

Mgt* was present in all cases at 0.09 m. The liver homogenate 
supernatant of Experiment 1 was heated; that of Experiments 2 to 
4 was carefully kept cold until mixed with the enzyme and frozen. 
The inhibitor is presumably still intact in these latter three ex- 
periments, but has been diluted to the point of noneffectiveness, as 
discussed in the text. 


is an Addition to DNase Enzyme units 
1 No addition 0.48 
0.0045 m CaCl. 1.22 
0.4% liver 0.91 
0.0045 m CaCl. + 0.4% liver 3.7 
2 No addition 1.09 
0.0045 m CaCl, 1.96 
0.0045 m CaCl. + 0.01% liver 2.38 
3 0.0045 m CaCl, 1.30 
0.0045 m CaCl, + 0.005% liver 1.64 
4 0.0045 m CaCl. 0.84 
0.0045 m CaCl. + 0.003% liver 1.39 
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TABLE V 
Conversion of inhibitory extract to activating extract, by heating 
Extracts were prepared by homogenizing with cold water and 
centrifuging off particulate matter at medium speed. Portions of 
the supernatants were heated in boiling water for 5 minutes, then 
cooled, re-homogenized, and centrifuged again, discarding the 


precipitate. No Catt was added. 
Enzyme units 
Tissue and treatment 
1% intestine, unheated 0.45 0.11 
1% intestine, heated 1.93 
1% testis, unheated 0.45 0.00 
1% testis, heated 1.09 
1% spleen, unheated 0.49 0.00 
1% spleen, heated 1.10 
1% brain, unheated 0.49 0.00 
1% brain, heated 1.18 
1% liver, unheated 0.49 0.00 
1% liver, heated 1.09 
1% kidney, unheated 0.49 0.00 
1% kidney, heated 1.21 


TABLE VI 


Conversion of inhibitory extract to activating extract, by exposure 
to pH extremes 
Rat intestine was cleaned and blended with cold water, poured 
through gauze and coarse filter paper, and aliquots of the filtrate 
were incubated at 37° for 30 minutes at the pH shown. They were 
then returned to pH 7.4 and assayed. No Ca** or heated tissue 
activator was added. 


Enzyme units 
pH to which intestine extract exposed 
3.0 0.74 2.38 
5.0 0.24 
7.0 0.19 
9.0 0.13 
11.0 1.96 
No treatment 0.12 
TaBLeE VII 
Conversion of inhibitory extract to activating extract, by aging 
Enzyme units 
Treatment of intestine extract on 
DNase alone | intestine added 
Two hours at 37° at pH 7.4........... 1.08 
Five hours at 37° at pH 7.4........... 3.13 


ture: equivalent to 0.5% original wet liver) in the DNase solution 
before freezing. For this purpose, mouse liver is homogenized 
with normal saline and centrifuged at high speed (approximately 
25,000 <X g). The supernatant is heated for 5 minutes in a boil- 
ing water bath, cooled, re-homogenized, and centrifuged at mod- 


erate speed (approximately 2,000 xX g). The resulting super- 
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VIII 
Conversion of inhibitory extract to activating 
extract, by dilution 
Rat tissues were blended with cold water and centrifuged at 
medium speed. Supernatants were then diluted with water as 
shown. No Ca** or heated activator was added. 


Enzyme units 
Test extract Percentage 
DNase alone 
Blood cells 5 0.49 0.00 
1 0.00 
0.2 0.53 
0.04 0.81 
Kidney 0.4 0.54 0.00 
0.08 0.76 
0.016 0.81 
Intestine 1 0.61 0.30 
0.1 0.90 
Liver 0.4 1.08 0.00 
0.08 0.50 
0.016 1.35 
1.6 
1.5 F\o 


o——O ACTIVATED 
1.4 X——-—xX NOT ACTIVATED 


ENZYME UNITS 


0.01 0.02 0.03 004 0.05 
PER CENT INHIBITOR 


Fig. 2. Effect of mouse liver DNase inhibitor preparation on 
crystalline DNase in presence and absence of DNase activator 
from mouse liver. Optimal concentrations of Mg*t and Ca*t+ 
were present in both cases. 
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natant is carefully chilled before being mixed with the DNage. 
An enzyme system so prepared is linearly inhibited by tissue in- 
hibitor preparations, to about 60% inhibition. If the enzyme 
system is not so prepared, an activation is observed with low 
concentrations of tissue, an inhibition with higher concentrations, 
and calculations of percentage of inhibition are relatively mean- 
ingless. This is illustrated in Fig. 2; optimal Ca** was present 
throughout this experiment, but in one case (“‘activated’’) heated 
liver was also present. The activation seen in the ‘“nonacti- 
vated” curve is not due to enzyme activity of the inhibitor prep- 
aration; no DNase activity can be detected in such mouse liver 
homogenate supernatants (19). 


DISCUSSION 


Wiberg (2) felt that the activation demonstrated in our earlier 
paper (1) by rat blood plasma was due to the Ca** content of the 
plasma. He did comment that our [Mg*+] to [Cat**] ratio at 
maximal activity was approximately 250, in contrast to his op- 
timal ratio of 25, but he argued that this may have been due to 
differences in the methods used. Since, however, our present 
data (Table II) confirm Wiberg’s own optimum cation ratio, it 
becomes evident that plasma activation of DNase is not due to 
plasma calcium. Other lines of evidence conclusively demon- 
strating the existence in tissues of a DNase activator other than 
Cat* are: 

1. With Mg++ to Ca++ ratio of 20, the addition of small extra 
amounts of Ca++ is without effect; the addition of small amounts 
of liver, however, strikingly activates further. 

2. As little as 0.001% (wet weight) of liver strongly activates; 
the amount of calcium in such a preparation must surely be con- 
sidered negligible, particularly in the presence of added 0.0045 m 
CaCle. 

3. If the liver activator is stored with the substrate mixture, 
it does not activate; if stored with the enzyme, it will activate. 
Calcium, on the other hand, activates approximately as effec- 
tively if first mixed with the substrate as if first mixed with the 
enzyme. There is thus a basic difference in the mechanism of 
action of the two activators. 

4. As shown in Table IV and Fig. 2, small amounts of inhib- 
itor preparations will activate even in the presence of optimum 
calcium; they have only negligible effects, if any, in the presence 
of an excess of heated liver preparation. 

The lag period observed in the enzymatic degradation of DNA 
is of some interest. It is obvious from Fig. 1 that if allowance is 
not made in the calculations for the initial slow phase, the half- 
reaction time, R4, will be unduly long, 7.e. the apparent enzyme 
activity will be less. To put the matter another way, we may 
note that for a given degradation, the shorter the observed lag 
period, the lower the calculated enzyme activity. This is prob- 
ably the reason why linearity with enzyme concentration is not 
observed with the more concentrated enzyme preparations in Ta- 
ble I. The mechanics of the viscosimetric assay, even with fast 
viscometers, prohibit rapid enough measurements to make proper 
allowance for the initial slow phase. 


SUMMARY 


An activator of the neutral deoxyribonuclease (DNase I) has 
been demonstrated in a wide variety of tissues. The activator 
is neither calcium nor magnesium ion and in fact will further ac- 
tivate an enzyme preparation which is already optimal with re- 
spect to these cations. Extracts of most tissues, if carefully pre- 


736 
p 
Be 
a 
ti 
od 
|, \ 
1.3 x 
| \ 
1.2 | \ 
Be 
| \ 
10} \ 
| \ 
0.9 \ 
\ 
0.8 \ 
0.7 \ 
\ 
0.6 
\ 
0.5 \ 
\ 
0.4 \ 
03 xD 
0.2 
0.1 


March 1960 


pared in the cold, will inhibit DNase I. However, such extracts 
will activate DNase I if the effect of the inhibitor is eliminated 
by heating, aging, exposing to pH extremes, or simply diluting. 
Because crystalline DNase, even in the presence of optimal Mg++ 
and Ca**, is less than maximally active, inhibitor assays become 
invalid unless the enzyme is first fully activated with tissue ac- 
tivator. 
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The enzyme polynucleotide phosphorylase, discovered by 
Grunberg-Manago and Ochoa (1, 2) in extracts of Azotobacter 
agile, catalyzes the reversible reaction shown in Equation 1. 


n Nucleoside-di-P — (nucleoside-P), + n P; 


(1) 


Ribonucleoside diphosphates react to form polyribonucleotides 
and inorganic phosphate. Studies of the nature of nucleotide 
incorporation into nucleic acid in Escherichia coli led to the 
recognition of a similar reaction by Littauer and Kornberg 
(3). Beers (4, 5) and Olmsted (6, 7) have investigated the phos- 
phorylase in Micrococcus lysodetkticus. 

Heppel et al. (8-10) have elucidated the structure of the poly- 
ribonucleotides formed in the polynucleotide phosphorylase cata- 
lyzed reaction. The polymers polyadenylic acid, polyuridylic 
acid, the mixed polymers of adenylic and uridylic acids, and of 
adenylic, uridylic, guanylic, and cytidylic acids conform to the 
structure of a normal polynucleotide, and poly AGUC! is chem- 
ically indistinguishable from natural ribonucleic acid. 

With relatively crude preparations of polynucleotide phos- 
phorylase, only nucleoside diphosphate and Mg**+ ion are required 
to demonstrate polymer formation (2-4). Nevertheless Ochoa 
and Heppel (8), as well as Littauer and Kornberg (3), discussed 
the possibility that, in analogy with the carbohydrate phospho- 
rylase (11), polymerization requires a polynucleotide primer. 
They suggested that polynucleotide material contaminating the 
enzyme preparations served this function. With highly puri- 
fied enzyme preparations from A. agile, Mii and Ochoa (12) found 
that polymerization of nucleoside diphosphates occurs only after 
a lag period and that the lag can be overcome by RNA and the 
biosynthetic polymers. 

The data presented in this report show that oligonucleotides 
such as pApA, and ApU, and pApApApaA also overcome the lag 
period and, in sufficient concentration, stimulate the reaction to 
the same extent as the polymers. Furthermore, they are in- 
corporated into polymers formed in their presence. The polymer 
chains are built by successive additions of mononucleotide units 
to the unesterified C-3’ hydroxy] of the terminal nucleoside resi- 
due in the preformed oligonucleotide chain. 


* Research Fellow of the National Institute of Arthritis and 
Metabolic Diseases, the National Institutes of Health, United 
States Public Health Service, 1956-1958. 

1 The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; for the biosynthetic polymers synthesized by the action 
of polynucleotide phosphorylase: polyadenylic acid, poly A; poly- 
uridylic acid, poly U; polyguanylic acid, poly G; mixed polymer 
of adenylic and uridylic acids, poly AU; mixed polymer of adenylic 
uridylic, guanylic, and cytidyvlic acids, poly AGUC. R5-amp is 
the ratio of the Rp of a given compound to that of adenosine 5’- 
phosphate. 


It is shown that oligonucleotides such as ApUp, in which the 
C-3’ hydroxyl of the terminal nucleoside residue is blocked by a 
phosphomonoester bond, can also overcome the lag in polymeri- 
zation found with highly purified A. agile preparations. These 
oligonucleotides are not, however, incorporated into the polymer 
formed, and the mechanism by which they overcome the lag 


- phase remains obscure. 


' Preliminary reports of this work have been made (13, 14). 


MATERIALS AND METHODS 


Enzymes—Polynucleotide phosphorylase was purified from £. 
colt according to the procedure of Littauer and Kornberg (3). 
The fraction used, which is described as Ethanol I (3), had a 
specific activity of 15, determined by the “exchange” assay, 
Assay C, (3), compared with a value of 0.5 for the crude extract. 
Another preparation was a gel eluate fraction (15) from A. agile 
which was kindly supplied by Dr. S. Ochoa. This had a specific 
activity of 40 as measured with the “exchange” assay, Assay 1, 
(2), compared with a value of 0.5 for the original dialyzed ex- 
tract. It will be referred to below as “‘geleluate.”’ Neither prep- 
aration showed a lag period in the polymerization of ADP or 
UDP. A number of more highly purified fractions, prepared by 
Mii and Ochoa (12), were also made available to us through the 
kindness of Dr. Ochoa. All of these displayed a lag period in 
the polymerization of ADP and UDP (12). They are conven- 
iently designated by their specific activity (S.A.) in the exchange 
assay (2) as S.A. 150, S.A. 60, and S.A. 113; for these prepara- 
tions, the ratios of the absorption at 280 mu to that at 260 my 
were 0.96, 1.21, and 1.03, respectively. Finally, a preparation 
of Azotobacter enzyme was made in this laboratory according to 
the procedure of Mii and Ochoa (12).2 This fraction, designated 
S.A. 55, displayed a lag phase in the polymerization of ADP and 
UDP. The ratio of its absorbancy at 280 my to that at 260 mu 
was 1.54. Crystalline bovine pancreatic ribonuclease was a com- 
merical preparation (Armour Laboratories, Lot. No. 1044). 
Snake venom phosphodiesterase, free of 5’-nucleotidase, was pre- 
pared by a modification of the procedure of Koerner and Sin- 
sheimer (16). 

Nucleotides—The oligonucleotides, pApA, pApApA, pApA- 
pApA, ApA, ApU, ApApU, ApApA, ApApApA, ApUp, and 
ApApUp were prepared as described earlier (9, 10, 17, 18). In 
general the techniques involved digestion of biosynthetic poly- 
mers with suitable enzymes and the separation of the compounds 
by preparative paper chromatography. The P*®-labeled oligo- 


2 The authors wish to thank Dr. S. Mii and Dr. S. Ochoa for 
making the details of this procedure available to us and for their 
kind help with the preparation. 
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nucleotides were prepared from P*-labeled poly A which was 
synthesized with the use of ADP. The ADP® was labeled in 
both phosphate groups and was obtained from Schwarz Labora- 
tories, Inc. 

An unknown material, extracted from filter paper with water, 
stimulates the polymerization reaction to a small extent, and 
therefore, when oligonucleotides prepared by paper chromatog- 
raphy were used to overcome the lag in polymerization, a small 
correction for this factor was necessary. This extractable ma- 
terial from paper is discussed further below. Although this 
source of error was not large, it was considered desirable to obtain 
these compounds by other methods. Accordingly, pApA, pA- 
pApA, pApApApA, and pApApApApA were also separated by 
column chromatography, essentially by means of the procedure 
of Volkin and Cohn (19). Poly A (60 mg) was digested with a 
nuclease from guinea pig liver nuclei (17) and the digest treated 
as described previously (18). After lyophilization, the material 
was dissolved in water, adjusted to pH 9, and applied to a column 
(6.3 em X 0.95 cm?) of Dowex 1-X2, chloride form. The main 
components of the digest were eluted under the following condi- 
tions; adenosine, with 0.005 n HCl; AMP, with 0.005 n HCl; 
pApA, with 0.01 n HCl; pApApA, with 0.01 n HCl containing 
0.0125 n NaCl; pApApApA, with 0.01 n HCl containing 0.05 n 
NaCl. The fractions containing each oligonucleotide were 
pooled, and each compound was concentrated by rechromatog- 
raphy on a small Dowex 1-X2 (chloride form) column. The 
oligonucleotide solutions obtained were freed of chloride by shak- 
ing with 5% trioctylamine, in chloroform saturated with water 
(20). The trioctylamine was removed by ether extraction. It 
was observed that an inhibitor for polynucleotide phosphorylase 
was present in fractions eluted from the Dowex 1 column (see 
“Results”) and was only partly removed by treatment of the 
oligonucleotides with acid-washed Norit A (21). For this reason, 
the use of columns of the weak anion exchanger, epichlorhydrin- 
ethanolamine cellulose (22), was investigated, in collaboration 
with Dr. Gordon Tener (23). Excellent separations were ob- 
tained by the same procedure that had previously been used for 
thymidine oligonucleotides (24, 25). The oligonucleotides were 
recovered from the pooled column fractions as the lithium salts 
(24) and were used as such in these experiments. When the 
preparations were dissolved in water before use in enzyme experi- 
ments, it was found that the concentration of oligonucleotide, as 
determined by ultraviolet absorption, was only 10% of that 


_expected from the weight of material dissolved. The nature of 


the contaminating material that accounts for this discrepancy is 
unknown. 


Samples of pApA, pApApA, and pApApApA, which were pre- ° 


pared by the digestion of poly A with a partially purified nuclease 
from A. agile, were kindly made available by Dr. Audrey Stevens, 
of this laboratory. The oligonucleotide mixture which results 
from the digestion of poly A was separated into its components 
by chromatography on diethylaminoethy] cellulose (22) accord- 
ing to an unpublished procedure of Staehelin, Sober, and Peter- 
son. The products were white solids, and the extinction of aque- 
ous solutions was consistent with the dry weight. 

The oligonucleotides ApUp and ApApUp, which have a phos- 
phomonoester group at C-3’, were separated by chromatography 
on Dowex 1 (19) as well as by the paper chromatographic pro- 
cedures previously described (10, 18). <A ribonuclease digest of 
100 mg of poly AU was prepared (18); the deproteinized digest 
was adjusted to pH 2 with HCl and the insoluble material was 
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removed by centrifugation. The solution was then adjusted to 
pH 9 and applied to a column (8.8 cm xX 0.95 cm?) of Dowex 1- 
X2, chloride form. The products of the digestion were eluted 
under the following conditions: 3’-UMP with 0.01 n HCl; ApUp 
with 0.01 n HCl containing 0.0125 m NaCl; ApApUp with 0.01 
N HCl containing 0.025 m NaCl; ApApApUp with 0.01 n HCl 
containing 0.05 n NaCl. The pooled eluates corresponding to 
each discrete peak were neutralized for storage. In order to 
concentrate the oligonucleotides and to remove the salts, the 
solutions were adjusted to a pH between 2 and 3, and the nucleo- 
tides were adsorbed onto acid-washed Norit A. The charcoal 
was washed extensively with water, and the nucleotides were 
eluted with 50% ethanol containing 0.3 ml of concentrated NH,- 
OH per 100 ml. These eluates were evaporated to dryness and 
the residues taken up in a small amount of distilled water. The 
identity and homogeneity of the preparations were verified by 
paper chromatography. The recovery of nucleotides in the nor- 
ite step varied from 50 to 80%. 

Adenylyl-(2’-5’)-uridine (27) was a gift from Dr. A. M. Michel- 
son, Arthur Guinness Son and Company, Ltd., Chemist’s Labora- 
tory, Dublin. Adenosine 5’-benzyl phosphate (28) was a gift 
from Dr. D. M. Brown, Cambridge University, England. The 
equimolar isomeric mixture of adenylyl-(3’-5’)-adenosine (ApA) 
and adenylyl-(2’-5’)-adenosine was prepared from a sample of 
synthetic polyadenylic acid kindly supplied by Dr. Michelson. 
This polynucleotide, which was prepared chemically (29), con- 
sisted of material of various chain lengths, and the internucleo- 
tide linkages were both 2’-5’ and 3’-5’ phosphodiester bonds. 
The chains were terminated by 2’ ,3’-cyclic phosphoryl end groups, 
which were hydrolyzed by treatment with 0.1 N HCl for 4 hours 
at 23°. After chromatography of the hydrolysis products in 
Solvent 1 (see below), the dinucleotide zone (Ry ame = 0.59; in 
the absence of extraneous salt, Rs:-ame = 0.78) was eluted and 
treated with phosphomonoesterase as described earlier (18). 
Chromatography in Solvent 1 was repeated, and a new band 
corresponding to the isomeric mixture of the dinucleoside mono- 
phosphates (Rs-amp = 1.9; in the absence of extraneous salt, 
Rs-ame = 1.5) was found. This band was eluted from paper 
and the isomers were then resolved by chromatography in Sol- 
vent 2 (see below); in this solvent the Rs:-aup values of adenylyl- 
(3’-5’)-adenosine and adenyly]-(2’-5’)-adenosine are 0.07 and 0.20, 
respectively. The thymidine oligonucleotides, pT pT and pT- 
pTpT (24, 25), were kindly supplied by Dr. H. G. Khorana. 

Polymers were prepared from nucleoside diphosphates with the 
polynucleotide phosphorylase of FE. colt or A. agile according to 
the procedure of Grunberg-Manago et al. (2) with slight modifica- 
tions (18). ADP and UDP were obtained from the Sigma Chem- 
ical Company. Thymine ribonucleoside pyrophosphate (39) was 
a gift from Professor Sir Alexander Todd, Cambridge University, 
England. The barium salt was converted to the sodium salt by 
treatment with Dowex 50-Nat*. 

Paper Chromatography and Paper Electrophoresis—Descending 
chromatography was carried out with Solvent 1, isopropanol- 
water (70:30, volume for volume) with NH; in the vapor phase 
(30); Solvent 2, saturated ammonium sulfate-isopropanol-1 m 
sodium acetate (80:2:18, volume for volume for volume) (31); 
Solvent 3, isobutyric acid-1 m NH,OH-0.2 m EDTA (100:60:0.8, 
volume for volume for volume) (32); Solvent 4, 170 ml of iso- 
propanol, 44 ml concentrated HCl and water to 250 ml (33); 
Solvent 5, n-propanol-concentrated NH,OH-water (60:30:10, 
volume for volume for volume) (34). Electrophoretic separa- 
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TABLE I size was cut out and eluted in order to correct for the ultraviolet- 

Incorporation of certain dinucleoside monophosphates into absorbing material present in the paper itself. 
polynucleotides Assay for Polymer Formation—The polynucleotide phospho- 


For Experiment 1 the incubation mixtures (0.1 ml) contained 
100 wg of E. coli polynucleotide phosphorylase per ml and, in 
umoles per ml, UDP, 34; EDTA, 0.4; MgCle, 10; Tris buffer, pH 
8.2, 150; and dinucleoside monophosphate as indicated. In Ex- 
periment 2, 50 mm UDP and 50 wg of enzyme per ml were used. 
In Experiments 3 and 4, 55 mm ADP and 21 ug of purified A zoto- 
bacter fraction (S.A. 150) perml wereemployed. Chromatography 
was carried out in Solvent 1 for Experiments 1, 3, and 4, and in 
Solvent 3 for Experiment 2. Oligonucleotide remaining unutil- 
ized was located by its Rp value and quantitatively eluted from 
paper in order to calculate the percentage of incorporation. The 
temperature of incubation was 37°. Unless otherwise indicated, 
the concentrations of Tris buffer, EDTA, and MgCl, and the in- 
cubation temperature stated above were the same in all experi- 
ments reported herein. 


Experi- Initial Incor- 
ment Compound concen- | Time pora- 
No. tration tion 

mM min % 

1 ApA 1.8 390 30 - 
Adenylyl-(2’-5’)uridine 1.6 390 0 
ApA + adenylyl-(2’-5’)adenosine*; 1.6 390 30 
2 ApA 1.0 420 52 
ApApA 1.0 420 76 
3 ApA 2.1 227 33 
ApU 2.2 227 20 


4 Adenylyl-(2’-5’) uridine 


4.2 210 0 
Adenylyl-(2’-5’)uridine 8.4 


210 5 


* Equimolar isomeric mixture; initial total concentration given. 


tions were carried out according to Markham and Smith (30) on 
strips (57 x 10 cm) of Whatman No. 3MM paper saturated 
with 0.05 m ammonium formate buffer, pH 3.5. A potential of 
1000 volts was applied across the paper. Purine- and pyrim- 
idine-containing compounds were located on the paper strips with 
an ultraviolet light which was also used to photograph the strips. 

Incorporation of Oligonucleotides—The incorporation of oligo- 
nucleotides into polymers was estimated by measuring the disap- 
pearance of the oligonucleotide. The general procedure was to 
incubate ADP or UDP with the oligonucleotide and polynucleo- 
tide phosphorylase. At various times, aliquots of the reaction 
mixture were chromatographed in a solvent that resolved the 
oligonucleotide, the nucleoside diphosphate, and the reaction 
products. The area of paper containing the oligonucleotide was 
quantitatively eluted with 0.01 n HCl for 6 hours at room tem- 
perature, and the concentration of the compound was determined 
from the absorption of the eluate at an appropriate wave length. 
From the adjacent region of the paper strip, an area of identical 


3’ It was assumed for this work that the molar extinction coeffi- 
cient of an oligonucleotide is approximated by the sum of the 
molar extinction coefficients of its constituent nucleotides. For 
example, the concentration, C, of ApApUp in micromoles of oligo- 
nucleotide per ml, when the absorption is measured at pH 2, is 
given by C = A om/[2(15.1) + 10.0], where the molar extinction 
coefficients for AMP and UMP are 15,100 and 10,000, respectively. 
The approximation does not account for any hypochromic effect. 


rylase catalyzed polymerization reaction was generally followed 
by measuring the release of P; from nucleoside diphosphates, 
The reaction mixtures are described in the legends for the figures 
and tables. At various times during the incubation, aliquots 
(usually of 0.01 or 0.02 ml) were removed and added to enough 
cold 2.5% perchloric acid to give a total volume of 1.0 ml. Pre- 
cipitated protein or polymer was removed by centrifugation, and 
an aliquot of supernatant fluid was used for the determination 


EXPERIMENTAL AND RESULTS 


Incorporation of Oligonucleotides into Polymers 


Incorporation of ApA, ApApA, and ApU into Polymers formed 
with ADP and UDP—Table I contains evidence of the incorpora- 
tion of these materials into poly A and poly U. Under the con- 


ditions used, ApA and ApU were less well utilized than oligo- 


nucleotides containing a 5’-phosphomonoester end group (see 
below). The isomer of ApU containing a 2’-5’-phosphodiester 
bridge (adenyly]-(2’-5’)-uridine) was not incorporated into either 
poly U or poly A (Experiments 1 and 4, Table I). An equimolar 
mixture of ApA and adenylyl-(2’-5’)-adenosine was tested and 
30% (Experiment 1, Table I) was found to be incorporated. The 
dinucleoside monophosphate which remained was rechromato- 
graphed in Solvent 2; it consisted for the most part of adenylyl- 
(2’-5’)-adenosine. This fact indicates preferential utilization of 
ApA, but the possibility of incorporation of a small amount of 
the 2’-5’ isomer could not be excluded. 

In Experiment 2, Table I, which involved UDP and ApA or 
ApApA, several ultraviolet-absorbing products were separated 
chromatographically in Solvent 3; (a) polymer, which has an 
Ry equal to zero and therefore remains at the origin, and (0) 
several nucleotides of low Rr. The latter were presumed to be 
small polynucleotides resulting from the addition of 1 to 3 nu- 
cleotide units to the original oligonucleotide. These compounds 
were subsequently investigated in greater detail (see below). 
Such small polynucleotides are not found as reaction products 
when polymerization occurs in the absence of added oligonucleo- 
tides. Many experiments were carried out under a variety of 
conditions, but, as shown in Fig. 2 (left), no intermediates of low 
Ry accumulate unless an oligonucleotide has been included in 
the reaction mixture. 

Incorporation of P-labeled pApApA and pApApApA into 
Poly A—The data presented in Figs. 1 and 2, and in Table II 
were obtained from one experiment and are concerned with the 
incorporation of P-labeled pApApA into poly A. E. coli poly- 
nucleotide phosphorylase was used in this experiment. There 
is no lag in the polymerization of ADP or UDP with this enzyme, 
and the addition of oligonucleotide to a reaction mixture has no 
effect on the rate of P; release (Fig. 1 A). On the other hand, 
the formation of acid-insoluble poly A is somewhat slower in the 
presence of pApApA than in its absence (Fig. 1 A). In other 
words, the oligonucleotide causes less polymer to be precipitated 
than is expected from the amount of Pi formed. This is con- 
sistent with the initial accumulation of relatively short poly- 
nucleotide chains in the presence of oligonucleotide, since it is 
probable that these chains would not be as readily precipitable 
by acid. 
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@,4 ADP ALONE 
ADP + pApApA 


© © © 
| 


AuMOLES / REACTION MIXTURE 


T 


HOURS 


Fic. 1. The effect of P-labeled pApApA on the polymerization 
of ADP by E. coli enzyme. The reaction mixture (0.2 ml) con- 
tained 25 wg of FE. coli polynucleotide phosphorylase per ml and, 
inumoles, Tris buffer, pH 8, 38; MgCl., 3; ADP, 12; and P*-labeled 
pApApA, 0.28 (4500 c.p.m.). At the times indicated, 0.02-ml 
aliquots were removed and mixed with 0.98 ml of cold, 2.5% HCIO,. 
These suspensions were centrifuged. Samples of the supernatant 
fuid were used for P; determination, and others were plated and 
counted to determine acid-soluble radioactivity. The precipi- 
tates were washed with 1.0 ml of 2.5% HClO, and with 1.0 ml of 
absolute methanol, after which they were taken up in 0.6 ml of 
0.1 m Tris buffer, pH 8 (4). The absorption of these solutions at 
260 mu was calculated as wmoles of ‘‘AMP equivalents” per 


| 


During the course of the reaction (Experiment of Fig. 1.1), 
there was loss of P®-labeled pApApA from the acid-soluble frac- 
tion and the appearance of radioactivity precipitated by per- 
chloric acid (Fig. 1 B).6 A control experiment (see legend for 
Fig. 1 B) in which labeled pApApA was added at the end of reac- 
tion indicated that there was very little binding of pApApA to 
the polymer. It could then be concluded that the oligonucleo- 
tide was actually incorporated into polymer during its formation. 


Further evidence for this was provided by chromatograms run 


in Solvent 1, ultraviolet photographs of which are presented in 
Fig. 2. The photograph on the right shows the results when 
pApApA was added at the beginning of the incubation. The 
trinucleotide (Band D) is still present at 1 hour, but only traces 


‘The concentration of poly A, or of adenylic acid containing 
polynucleotides of unknown chain length, is expressed as ymoles 
of “AMP units’’. Molar extinction coefficients of 15,400 at 260 
my and neutral pH, or 15,100 at 257 my and pH 2 have been used. 
These values have not been corrected for any hypochromic effect 
and must be considered approximate. 

* The total recovery of counts at the 3-hour interval (Fig. 1 B) 
was only 80%. This may reflect losses incurred in washing the 
acid-insoluble precipitate. Not being highly polymerized, it may 
have been slightly soluble in the acidic wash fluid. 
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Aliquots of these solutions were plated and counted in order to 
determine acid-insoluble radioactivity. 

1A (left). The formation of Pj (O and @) and the accumu- 
lation of acid-insoluble poly A (A and A) in the presence and 
absence of pApApA. 

1B (right). The disappearance of acid-soluble radioactivity 
and the formation of acid-insoluble radioactivitv. A control 
experiment was carried out simultaneously, but the pApApA was 
added 5 minutes before the end of the period of incubation (4.8 
hours). This control mixture was treated as described above; 
3900 ¢.p.m. were recovered in the acid-soluble fraction and 10 
¢.p.m. in the acid-insoluble portion. 


can be seen at 3 hours. Polymer (Band A) is evident, as well 
as the accumulation of bands (B and C) that have lower Rp 
values than pApApA but do move from the origin. Bands B 
and C represent relatively short polynucleotide chains; they do 
not appear when ADP is incubated with enzyme in the absence 
of oligonucleotide (Fig. 2, left). 

The bands A, B, C, and D were eluted with distilled water, 
and the amount of polynucleotide as well as the amount of 
radioactivity in each was determined. These data, which are 
presented in Table II, indicate that during the course of the re- 
action the amount of nucleotide material in fractions of higher 
chain length (lower Rp value) increases at the expense of smaller 
molecules. In other experiments, with the use of lower concen- 
trations of pApApA, it was found that the oligonucleotides of 
short chain length (bands B and C) disappeared completely dur- 
ing the later stages of the reaction. 

The incorporation of P®-labeled pApApAp A into poly A was 
studied under conditions identical with those described for Fig. 
1, except that the pApApApA was 0.27 mm. After 5 hours, 

© of the P® from the labeled pApApApA had disappeared 
from the acid-soluble portion and accumulated in the acid-in- 
soluble poly A. Neither the formation of acid-insoluble, ultra- 
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Fic. 2. Chromatographic demonstration of incorporation of 
P-labeled pApApA into poly A. The experiment illustrated is 
the same as that described for Fig. 1. At the times indicated, 
0.03-ml aliquots of the reaction mixture were removed and used 
for descending chromatography in Solvent 1. Ultraviolet prints 
of these chromatograms are reproduced here. The photograph 
on the left shows aliquots removed at 1, 3, and 5 hours from a re- 
action mixture lacking pApApA; the only reaction product to be 


violet-absorbing material, nor the incorporation of radioactivity 
into the acid-insoluble fraction was linear with time, although 
the release of P; was linear. This discrepancy may again reflect 
the initial formation of polynucleotide chains only a few residues 
longer than pApApApA, since such chains would be expected to 


seen is polymer, at the origin. The track marked ‘‘control’’ rep- 
resents a similar reaction mixture, except that pApApA was added 
5 minutes before the end of a 5-hour incubation period. The 
photograph on the right shows the effect of incubating ADP, 
pApApA, and enzyme for 1, 3, and 5 hours. Note the disappear- 
ance of pApApA (Band D), the formation of polymer (Band A), 
and the appearance of Bands B and C which are considered to be 
relatively short polynucleotide chains (see text). 


be acid-soluble. In other experiments similar results were ob- 
tained with pApA. 

The possibility that the oligonucleotides undergo preliminary 
phosphorolysis to give nucleoside diphosphates was ruled out. 
A large fraction of the incorporation occurs in the first 20 min- 
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utes when insufficient P; is present to allow appreciable phos- 
phorolysis. Furthermore, compounds such as pApA and ApA 
are incorporated but cannot undergo phosphorolysis (18). Other 
points are considered under “Discussion”. 

Experiments of this type have also been carried out with UDP. 
Chromatographic investigation of the reaction mixtures showed 
the disappearance of oligonucleotide primer (in some cases this 
disappearance was complete) as well as the formation of new, 
discrete bands (Solvent 3) whose R, values were consistent with 
the accumulation of relatively short-chain intermediates. 

Direct Evidence for the Incorporation of Oligonucleotides into 
poly U—Evidence for the incorporation of pApA into polymer 
as well as the demonstration that the pApA forms the first two 
nucleotide units in the polynucleotide chain was obtained by 
incubating UDP, pApA, and polynucleotide phosphorylase, iso- 
lating the polymer formed, and digesting it with pancreatic ribo- 
nuclease. Chromatography in Solvent 1 indicated the presence 
of a ribonuclease-resistant oligonucleotide with a low mobility 
(Ry-ump = 0.14). This would be expected for pApApUp. 


pApA + UDP pApApUpU..pUpU +n Pi (2) 


pancreatic 
ribonuclease (3) 


pApApUp + (n — 2)3’-UMP + uridine 


pApApUpU........ pUpU 


In another experiment this oligonucleotide was isolated and 
identified. UDP, pApA, purified polynucleotide phosphorylase, 
and crystalline pancreatic ribonuclease were incubated together. 
Under these conditions the rate of P; formation was slower than 
that observed in a control vessel containing neither pApA nor 
ribonuclease. The mixture was chromatographed in Solvent 1 
and three reaction products were observed, namely, uridine, 
3’-UMP, and pApApUp. Three days were required for com- 
plete separation of pApApUp from the origin. It was eluted 
and subjected to paper electrophoresis at pH 3.5. It moved as 
a single zone and had a mobility (1.2 times that of 3’-UMP at 
14 ma and 800 volts) consistent with the proposed structure. 
The material was eluted from the electrophoresis strip, and one 
aliquot was hydrolyzed in 1 N HCl for 1 hour at 100°. The 
products were separated by chromatography in Solvent 4, and 
two products, whose Rr values were the same as authentic 
adenine and uridylic acid (mixed 2’- and 3/-isomers), were de- 
tected in a ratio of 2.4:1. The spectrum of the adenine agreed 
with data in the literature (36). Another fraction of the pApA- 
pUp was hydrolyzed with 0.3 nN KOH at 37° for 18 hours and 


the products were separated by chromatography in Solvent 1.. 


Three products, 3’-UMP, AMP (mixed 2’- and 3’-isomers), and 
pAp (a mixture of adenosine 3’,5’-diphosphate, and adenosine 
2’ ,5’-diphosphate) were detected and identified by comparison 
of their Rp values with those of authentic samples. Quantitative 
elution gave for pAp, AMP, and UMP a ratio of 1:1.1:0.75. 
These data confirm the identity of the ribonuclease-resistant 
oligonucleotide as pApApUp. 

A similar experiment was carried out with ApApA. The in- 
cubation mixture contained 20 wg per ml of highly purified Azo- 
tobacter enzyme (S.A. 113), and, in mm concentrations, EDTA, 
0.4; MgCl., 10; Tris buffer, pH 8.2, 150; UDP, 53, and ApApA, 
0.75. The formation of P; (in wmoles per ml) amounted to 16 
(105 minutes) and 28 (226 minutes) compared with 0.2 and 2.7 
for the control lacking oligonucleotide. Pancreatic ribonuclease 
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TaBLe II 
Incorporation of P%?-labeled pApApA into polynucleotide 


Bands A, B, C, and D in the chromatogram shown in Fig. 2 
were eluted, and the absorption of the eluates at 260 my was de- 
termined. The results are expressed here as uwmoles of ‘“‘AMP 
units’’ in each band per total incubation mixture.‘ Aliquots of 
the eluates were plated and counted, and these results are ex- 
pressed as percentage of the total recovered radioactivity found 
in each of the four bands. Band A is polymer, Band D is the 
pApApA, and Bands B and C are considered to be relatively short 
polynucleotide chains (see text). 


Counts recovered Total nucleotide 
Chromatogram band 

1 hr 3 hrs 5 hrs 1 hr 3 hrs 5 hrs 

% % % pmoles pmoles pmoles 

A 19 31 33 0.68 1.62 2.34 

B 18 43 49 0.36 1.00 1.22 

C 42 18 10 0.70 0.40 0.24 

D 21 7 9 0.36 0.20 0.20 


(500 wg per ml) was added and the incubation continued for 3 
more hours. The incubation mixture was chromatographed in 
Solvent 1, and the products were found to be mainly 3’-UMP, 
some uridine, and an ultraviolet-absorbing material with the 
same Ry as authentic ApApApUp. This material was eluted 
and digested with alkali to yield a mixture of 3’-AMP, 2’-AMP, 
and 3’-UMP. 

Formation of pApApApU from pApApA and UDP—Under 
the proper conditions it was also possible to demonstrate directly 
the addition of a uridylic acid residue to pApApA, and to iso- 
late and characterize pApApApU as the product of such a con- 
densation. The components of the reaction mixture (2.0 ml) 
were, in wmoles per ml, Tris buffer, pH 8.2, 125; MgCl. 10; 
EDTA, 0.4; UDP, 25; pApApA, 4.5, and 24 ug of F. coli poly- 
nucleotide phosphorylase per ml. The rate of UDP polymeriza- 
tion by this enzyme preparation is only slightly stimulated by the 
addition of pApApA. After 30 minutes of incubation at 37°, 
5.8 umoles of P; had been released per ml of reaction mixture, 
and the bulk of the mixture was placed on several sheets of 
Whatman No. 3MM filter paper and chromatographed in Sol- 
vent 5. In addition to bands corresponding to UDP and 
pApApA, two additional bands near the origin were visible un- 
der ultraviolet light. The fastest moving of these was eluted 
and rechromatographed in Solvent 3 where, in addition to a 
major band with an Ry -cmp of 0.95, three minor contaminants 
were revealed. The major material appeared to be homogene- 
ous upon chromatography in Solvents 2 and 5. Degradation of 
an aliquot of this compound with snake venom phosphodiester- 
ase (37) yielded 5’-AMP and 5’-UMP (identified by paper chro- 
matography in Solvent 2). Alkaline digestion of an aliquot of 
the material with 0.8 N KOH at 37° for 18 hours and quantita- 
tive chromatography of the digest in Solvent 1 resulted in the 
isolation of pAp (a mixture of adenosine 3’ ,5’-diphosphate and 
adenosine 2’ ,5’-diphosphate), AMP (2’- and 3/’-isomers), and 
uridine in the ratio of 1.0:2.2:0.8. Another aliquot of the com- 
pound was hydrolyzed at 100° for 1 hour in 1 N HCl, and quan- 
titative chromatography of the reaction products in Solvent 4 
resulted in the isolation of adenine and uridine in the ratio of 
3.2:1. These various degradation products are all consistent 
with the identification of this compound as pApApApU, the 
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Fic. 3. Time course of the reaction of pApApA with UDP. 
The incubation mixture (0.2 ml) contained 120 ug per ml of E. 
colt polynucleotide phosphorylase and, in wmoles per ml, Tris 
buffer, pH 8.2, 125; MgCl., 10; EDTA, 0.4; UDP, 24; and pApApA, 
4.5. At the times indicated on the chart, aliquots were removed 
for P; determination and for chromatography in Solvent 5. The 
bands corresponding to the compounds indicated on the chart 
were eluted quantitatively. The results are calculated as wmoles 
of oligonucleotide per ml of reaction. The ordinate on the right 
refers to polymer material eluted from the origin with 1 Nn HCl. 
The concentration of the origin material is expressed as optical 
density units at 260 mu per ml of reaction. 


© 
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product of the enzymic condensation of one UMP unit from 
UDP with the trinucleotide primer. In a similar fashion, ex- 


periments reported elsewhere demonstrated the formation of 


pApApApG, when GDP was allowed to polymerize in the pres- 
ence of pApApA (38). 

In an experiment (Fig. 3) carried out under conditions similar 
to those just described, the disappearance of the primer, pApApA, 
and the appearance of polymer (Rr = 0) and pApApApJU, as 
well as material tentatively identified as pApApApUpU, were 
followed as a function of time. Although the formation of ma- 
terial of sufficient chain length to have an Rr = 0 in Solvent 5 
occurs steadily throughout the time studied, the rate of forma- 
tion of the smaller polynucleotides levels off even before P; re- 
lease has stopped. 


Effect of Oligonucleotides in Overcoming Lag Phase in 
Polymerization of Nucleoside Diphosphates 


Mii and Ochoa (12) observed that a lag in the formation of P; 
occurs during the polymerization of ADP, UDP, and other nu- 
cleoside diphosphates by highly purified enzyme fractions from 
A. agile. These workers also showed that the lag phase can be 
overcome by the presence of RNA and certain enzymically syn- 
thesized polymers (12). 
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The oligonucleotides discussed in this paper also overcome the 
lag phase found with purified Azotobacter fractions, and under 
optimal conditions stimulate the reaction to the same extent as 
the polymers themselves. As detailed below, the results with 
nucleotides eluted from paper are subject to a minor source of 
error because of an unidentified factor in filter paper that has a 
stimulatory effect. Accordingly, the essential results were con- 
firmed with oligonucleotides separated on polystyrene and cellu- 
lose columns. 

It should be pointed out that the preparation of polynucleo- 
tide phosphorylase from £. colt showed no lag phase in the poly- 
merization of ADP or UDP and no stimulation by oligonucleo- 
tides (cf. Fig. 1A, for example). With the A. agile gel eluate, 
which was not sufficiently purified to show a lag phase, the rate 
of polymerization of ADP and UDP was, nevertheless, stimu- 
lated (about 1.5- to 2.0-fold) by the presence of oligonucleotide. 
With both of these enzyme fractions, incorporation, in high 
yield, of compounds such as pApA and ApA into newly formed 
polymer can be demonstrated (see above). 

Effect of Oligonucleotides with 5’-Phosphomonoester End Group 
on Lag Phase—It can be seen that pApApA and pApA overcome 
the lag in the polymerization of UDP (Fig. 4 and Table III) as 
well as ADP (Table V). These compounds also act as primers 
in the sense that they are incorporated into polymer. In the 
experiment reported in Table III, the rate of formation of P; 
from UDP and the simultaneous disappearance of pApA or 
pApApA were studied. 
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Fic. 4. The stimulation of UDP polymerization by pApApA. 
The reaction mixtures (0.1 ml) contained 33 ug of A. agile poly- 
nucleotide phosphorylase (S.A. 150) per ml, 60 mm UDP, and 
pApApA as indicated. At the times indicated, aliquots were 
removed for determination of P;. All values are corrected for 
P; present at zero time, usually about 1.5mm. Concentrations of 
oligonucleotides are always expressed as umoles of the compound 


per ml. 
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In the presence of oligonucleotide, over 50% of the UDP had 
reacted after 4.5 hours, judging from P; release, whereas 70% 
of the pApA and 75% of the pApApA had disappeared. The 
rate of P; formation in the absence of oligonucleotide was much 
slower. The rate of polymerization of UDP increases with in- 
creasing concentrations of the trinucleotide, pApApA (Fig. 4). 
A maximal rate appears to be obtained with pApApA concen- 
trations of 0.42 mm or greater. Experiments utilizing ADP as 
the substrate give similar results and also indicate that 0.42 mm 
pApApA is an optimal concentration. Experiments were car- 
ried out with ADP and UDP, and with the dinucleotide, pApA. 
Again, the rate of polymerization depends on the concentration 
of pApA, with a maximum rate at 2.4 mm pApA or higher. 
Studies of this type also showed that the concentration of pApA- 
pApA allowing the maximal rate of polymerization of ADP or 
UDP is about 0.17 mo. 

The rate of polymerization of UDP is identical in the presence 
of an optimal concentration of either pApA, pApApA, or pApA- 
pApA. Similar data were obtained with ADP as the substrate, 
but it should be pointed out that the optimal rates differed with 
the two nucleoside diphosphates. 

It was also observed that when oligonucleotides are present in 
concentrations exceeding those required for maximal stimulation 
of the rate of polymerization, they are still effectively incorpo- 
rated. Thus at 0.4 mm as well as at 1.67 mm pApApA, about 
90% of the trinucleotide was incorporated into poly A. 

One generalization that can be made from the data discussed 
above is that the longer the oligonucleotide chain, the smaller 
the amount required to give a maximal rate of reaction. It 
should be stressed, however, that each of the above values is 
only approximate. The oligonucleotides used in these experi- 
ments were prepared by elution from paper chromatograms (see 
“Methods”), and the unknown material that also stimulates 
polymerization can be eluted from paper even if it has been 
washed extensively with acetic acid or with alcohol-H,O mix- 
tures. This material is found on extracting various grades of 
paper directly with water. The factor is not destroyed by boil- 
ing for 5 minutes at pH 7 or by treatment with pancreatic ribo- 
nuclease. No accurate correction can be made for the contribu- 
tion of this factor but it does not exceed 15% of the stimulation 
obtained with the tri-, tetra-, and pentanucleotides (see also Ta- 
ble IV). In any case this correction could only accentuate the 
differences found in concentrations of oligonucleotides required 
for maximal activity, because of the fact that the area of paper 
used for elution of each oligonucleotide was approximately pro- 
portional to the amount of material eluted. 


Although the correction for the active material present in. 


filter paper was small, it was considered desirable to confirm the 
observations concerning the effect of oligonucleotides on the lag 
period with compounds obtained by procedures other than paper 
chromatography. 

The trinucleotide, pApApA, obtained from a Dowex 1 col- 
umn, was further purified by adsorption and elution from char- 
coal. This pApApA overcame the lag in polymerization; at a 
concentration of 0.4 mm pApApaA, a 10-fold stimulation of the 
initial rate of polymerization of ADP by Azotobacter enzyme (S.A. 
150) was obtained. Before treatment with charcoal, however, 
the preparation was inactive, and this finding has been inter- 
preted as indicating that some inhibitory material accompanied 
the oligonucleotide upon its elution from the resin. The pApA 
eluated from the same column was inactive as a primer, even 
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TaBLeE III 
Incorporation of pApA and pApApA into poly U 

The incubation mixtures (0.2 ml) contained 33.5 ug of A. agile 
polynucleotide phosphorylase (S.A. 150) per ml and, in umoles per 
ml, UDP, 57; and pApA, 3.2, or pApApA1.1. At the times shown. 
aliquots were removed for P; determination and quantitative 
chromatography in Solvent 2, for pApA, and Solvent 3, for pApA- 
pA. Note that substantial incorporation of pApA has occurred 
during the brief period needed to prepare the incubation mixture 
and to dry it on paper. 


Oligonucleotide added 
Time None pApA pApApA 
ApA ApApA 
Pj formed | Pi formed recovered P; formed recovered 
hrs mM mM mM mM mM 
0 2.0 1.2 
1.5 2.0 10 1.0 24 0.2 
4.5 7.0 31 0.6 30 0.3 


after charcoal treatment. AMP and ADP eluted from a Dowex 
1 column were found to be free of any substance which could 
act like the filter paper extract. Although active samples of 
pApA, pApApA, and pApApApA were also obtained from 
synthetic cellulose ion exchange columns, no completely satis- 
factory method for the preparation of oligonucleotides for primer 
studies has yet been developed. In experiments with Azotobacter 
enzyme (S.A. 150), pApApA and pApApApaA eluted from a di- 
ethylaminoethyl-cellulose column gave maximal priming at con- 
centrations of 0.9 mm and 0.05 mu, respectively. The dinucleo- 
tide, pApA, at a concentration of 1.2 mM, gave about one-half 
the rate of the others. These results are qualitatively similar 
to those discussed above for oligonucleotides prepared with pa- 
per. However, when concentrations higher than those stated 
above were used, slower rates of polymer formation were ob- 
served, again indicating that the preparations might contain some 
inhibitory material. The results with pApApA eluted from an 
epichlorhydrinethanolamine-cellulose column were similar to 
those obtained with the diethylaminoethy]-cellulose preparations. 
Experiments carried out with the cellulose columns showed that 
no active material was eluted from the cellulose itself. 

Effect of ApA, ApApA, and ApApApA on Lag Phase—Simi- 
lar but less extensive experiments have been carried out with 
oligonucleotides such as ApA and its homologues. In this case, 
too, the greater the chain length the lower the concentration of 
oligonucleotide required for the maximal rate of polymerization. 
Thus 0.14 mm ApApApA was about as effective as 0.75 mm 
ApApA with UDP (Table IV). The course of the reaction was 
determined both by measurement of P; formation and by esti- 
mation of the formation of ultraviolet-absorbing polymer in- 
soluble in 2.5% HClO,. The oligonucleotides used in these 
experiments were prepared by paper chromatography, and a 
control was carried out to determine the effect of an equivalent 
amount of paper extract on the reaction rate (Table IV). It 
can be seen from these data that the contribution made by the 
paper extract to the stimulation by the oligonucleotide is very 
small. 

Effect of Other Nucleotides on Lag Period—Adenosine and 
AMP did not overcome the lag period found with purified poly- 
nucleotide phosphorylase, and neither of these compounds was 
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TaBLe IV 


Stimulation of rate of UDP polymerization 
by ApApA and ApApApA 

The incubation mixture (0.2 ml) contained 20.4 wg of purified 
Azotobacter polynucleotide phosphorylase (S.A. 113) per ml and 
53 mm UDP; other additions are indicated below. Aliquots were 
removed for chromatography in Solvent 3; quantitative elution 
showed that over two-thirds of the primer was incorporated. 
Other aliquots were used for measurement of Pj; the values are 
corrected for a small amount of P; present at zero time. 


Formation of Pj 
Additions 
142 min | 285 min | 345 min 

mM mM 
None 0.6 4.8 4.8 
Paper extract* 1.1 8.5 10.1 
ApApA, 0.75 mm 22.6 32.5 
ApApApA, 0.42 mm 26.4 32.5 


* The oligonucleotides had been isolated by separation on paper 
and elution with distilled water. In this experiment an amount 
of blank paper at least equivalent to that used with oligonucleo- 
tides was similarly treated and the extract tested. 

| 
TABLE V 
Effect of adenosine &'-benzyl phosphate, 5'-AMP, and adenosine on 
lag period 

The incubation mixtures (0.1 ml) contained 21 yg, for Experi- 
ments 1 and 2, or 33 wg, for Experiment 3, of purified Azotobacter 
polynucleotide phosphorylase (S.A. 150) per ml and 60 mm ADP, 
for Experiments 1 and 2, or 57 mm UDP, for Experiment 3. Val- 
ues for formation of P; (mM) are corrected for a small amount 
present at zero time. 


Exper- Formation of Pj 
iment Additions 
No. 60 min/90 min!120 min |140 min |170 min |200 min 
mM 

1 | None 2.4 5.2 8.5 
Benzyl ester | 4.2 | 3.8 10.8 17.2 
Benzy!] ester | 12.6 | 3.0 7.5 12.6 

2 | None 4.2 5.3 9.0 
Benzyl ester | 8.4 7.2 12.7 21.5 
Adenosine 12.5 2.7 4.2 8.0 
5’-AMP 9.2 3.6 5.6 9.2 

3 | None 1.0 1.7 
Benzyl ester | 4.0 | 2.8 5.8 
pApA 3.0 | 1.7 | 8.4 18.7 


incorporated into polymer (Table V). Adenosine 5/-benzyl 
phosphate (0.005 m to 0.008 m) showed a small but significant 
stimulation of the rate of polymerization of ADP and UDP 
(Table V), but there was no detectable incorporation of this 
compound into the polymer which was formed. 

Experiments with two thymidine oligonucleotides, pTpT and 
pTpTpT, indicated that these deoxyribonucleotides have no ef- 
fect on the rate of polymerization of ADP by purified Azotobac- 
ter fractions. The experiments were carried out with two dif- 
ferent preparations of Azotobacter enzyme and in each case the 
usual stimulation by poly A was observed. The oligonucleo- 
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tides were tested at concentrations of 5 mm pTpT and 1 or 2 
mo pTpTpT. 

Effect of Oligonucleotides on Polymerization of Thymine Ribo- 
nucleoside Pyrophosphate—Griffin et al. (39) have reported that 
this nucleoside 5’-pyrophosphate is polymerized by polynucleo- 
tide phosphorylase. With 21 yg of purified Azotobacter enzyme 
(S.A. 60) per ml of reaction mixture, a lag period was observed 
in the formation of P; from 0.009 m thymine ribonucleoside pyro- 
phosphate. The reaction conditions were as described for Fig, 
4. The lag was overcome by 3 mm pApA and by 0.12 my 
pApApApA. In another experiment, with pApApA, aliquots of 
the reaction mixture were chromatographed in Solvent 3 after 
incubation periods of 50 and 180 minutes. An ultraviolet pho- 
tograph of the chromatogram is presented in Fig. 5. The fastest 
moving area in this descending chromatogram is pApApA and 
its disappearance during the experiment is evident. The major 
product had an Ry consistent with its being a tetranucleotide 
formed by the addition of one thymine ribonucleoside phos- 
phate unit to pApApA. Formed in smaller amounts were 
materials tentatively assumed to represent the addition of two 
and three such units to the pApApA, and also polymer, which 
remained at the origin. 

Effect of KCI—Beers (5), with the use of polynucleotide phos- 
phorylase fractionated from extracts of M. lysodeikticus, has 
observed a considerable stimulation of the rate of P; formation 
from ADP by high concentrations of KCl. It was considered 
desirable to determine whether the effects of oligonucleotides ob- 
served here would be modified by changes in salt concentration. 
Incubation mixtures were prepared containing purified Azoto- 
bacter enzyme (S.A. 113, 7 ug per ml) and, in wmoles per ml, 
MgCl, 2; ADP, 6; Tris buffer, pH 8.2, 150; pApApApA, 0.15. 
Compared with a control, the tetranucleotide stimulated the 
reaction in the usual fashion. A concentration of 0.13 m KCl 
inhibited the rate of formation of P; in both the presence and 
absence of pApApApA. In the former case inhibition amounted 
to 10%, whereas without oligonucleotide the rate attained after 
the lag phase was inhibited 30%. Similar results were obtained 
in other experiments with different concentrations of ADP and 
MgCl.; 0.13 m KCl never stimulated the reaction; it was inhibi- 
tory in all cases. 

Effect of Changes in Ratio of Nucleoside Diphosphate to Mag- 
nestum—The effect of certain variations in the concentrations 
of nucleoside diphosphate and magnesium ion on the rate of poly- 
merization has been studied. These experiments were carried 
out with a preparation of polynucleotide phosphorylase from 
A. agile which shows the lag phenomenon. The results of such 
experiments, with UDP as substrate, are summarized in Fig. 6. 
Both in the presence and in the absence of pApApApA, the reac- 
tion is most rapid at a ratio of UDP to Mgt+ equal to about 2. 
The oligonucleotide stimulates the rate of polymerization over 
the whole range studied, except when UDP is 0.06 m and the 
ratio of UDP to Mgt is 0.5. Similar results were obtained 
with ADP. A stimulation by pApApApA was observed with 
concentrations of ADP which varied from 0.006 m to 0.12 m and 
with ADP to Mg** ratios which varied from 1:1 to 12:1. The 
magnitude of the stimulation and the shape of the time curves 
for P; formation varied widely. The experimental conditions 
described in preceding sections of this paper were about as favor- 
able as any for demonstrating both a lag period in the poly- 
merization of nucleoside diphosphate and the elimination of this 
lag by an oligonucleotide primer. It is felt that amplification 
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of th se studies must await the availability of even more highly 
purified enzyme with, perhaps, an absolute requirement for 
primer. 


Ejiect of Oligonucleotides with Phosphomonoester Group at C-3' 


~- 


Fic. 5. Chromatogram showing the products formed during 
the polymerization of thymine ribonucleoside pyrophosphate in 
the presence of pApApA. The incubation mixture (0.05 ml) con- 
tained 100 wg per ml of E. coli polynucleotide phosphorylase, 18 
mM thymine ribonucleoside pyrophosphate, and 3 mm pApApA. 
After 50 and 180 minutes, 0.02-ml aliquots were removed and chro- 
muatographed in Solvent 3. The products labeled 1T, 2T, 3T, and 
41 are small polynucleotides containing adenine and thymine, 
and presumed to correspond to the addition of successive thymine 
ribonucleoside phosphate units to the primer, pApApA. 
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Fic. 6. The effect of the ratio of UDP to Mg** on the rate of 
poly U formation. The reaction mixtures (0.20 ml) contained 
6.0 wg of A. agile polynucleotide phosphorylase (S.A. 113) per ml 
and, in wmoles per ml, Tris buffer, pH 8.3, 150; EDTA, 0.2; pApA- 
pApA, 0.12, where indicated; UDP, 20 or 60; and MgCl. to give 
the ratios of UDP to Mg** indicated on the chart. Aliquots were 
removed for P; determination after 0, 1, 2.5, and 3.7 hours of incu- 
bation, and the values obtained were corrected for the amount 
of Pj present at zero time. The results plotted in the curve show 
the umoles of P; formed in the first hour of incubation. In no 
case was more than 12% of the UDP utilized at this time. 


on Lag Phase—Although they are not incorporated into the 
polymer produced, compounds such as ApUp and ApApUp 
nevertheless do overcome the lag in the polymerization of ADP 
or UDP that is catalyzed by purified A. agile preparations. The 
experiments shown in Fig. 7 demonstrate the effect of ApUp on 
UDP polymerization as an example. Quite similar results were 
obtained with ApApUp in stimulating the polymerization of 
ADP, except that here 2.6 mm ApApUp was as effective as a 
concentration of 1 mg per ml of poly A, and 0.7 mm ApApUp 
led to an initial rate that was 50% as high. The values are also 
comparable to those obtained with compounds such as pApA, 
pApApA, and ApApA. The ability of poly A and poly U to 
overcome the lag in the polymerization of ADP and UDP, re- 
spectively, has been reported previously (12, 13). The experi- 
ments reported above were carried out with ApUp and ApApUp 
prepared by chromatography on Dowex-1l (see ‘“Methods’’). 
The oligonucleotides obtained from paper chromatograms were 
also active in overcoming the lag period, and this effect was sig- 
nificant even when corrected for the contribution of an equiva- 
lent amount of the active agent eluted from filter paper. 

Studies were carried out in order to determine whether either 
ApUp or ApApUp was utilized during the process of polymeriza- 
tion. The design of these experiments was similar to those de- 
scribed above for studying the incorporation of compounds like 
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Fic. 7. Effect of ApUp on the polymerization of UDP. The 
reaction mixtures (0.05 ml) contained 21 ug of A. agile polynucleo- 
tide phosphorylase (S.A. 150) per ml and, in wmoles per ml, Tris 
buffer, pH 8.2, 150; MgCl., 30; EDTA, 0.4; and UDP, 60. Poly- 
nucleotides added were 5.8 mm ApUp, O-——O; 1.9 mm ApUp, 
A—-—-A; 1 mg per ml of poly U, A-——A; none, @——-@. At 
the times indicated, aliquots were removed for the determination 
of Pj. All the values are corrected for the concentration of P; 
at zero time. : 


pApA into polymer. The results, given in Table VI, indicate 
that no ApUp or ApApUp disappears even after extensive poly- 
merization has occurred. In addition, chromatographic inves- 
tigation of the reaction mixtures did not indicate the formation 
of relatively short polynucleotide chains, as was seen with oligo- 
nucleotides such as pApA. These observations, in addition to 
the fact that ApUp and ApApUp are not utilized, show that these 
oligonucleotides do not serve as centers for chain extension. 

Several other polynucleotides that do not have free C-3’ hy- 
droxyl groups were tested for their ability to overcome the lag in 
polymerization. One such series included the oligonucleotides 
UpU-eyelic-p, UpUpU-cyelic-p, and UpUpUpU-evelie-p (9,18). 
The ability of these compounds to overcome the lag in the poly- 
merization of ADP or UDP was slight, although it was difficult 
to assess their quantitative effect because of the presence of 
the paper factor. Michelson’s synthetic polyadenylic acid, the 
chains of which are terminated by 2’,3/-cyclie phosphodiester 
groups (see ““Methods”), was effective in overcoming the lag 
when used at a concentration of 1.4 mg per ml. 

RNA ‘core’, the polynucleotides obtained from exhaustive 
digestion of RNA with pancreatic ribonuclease, was only slightly 
effective in shortening the lag period. _Mononucleotides, includ- 
ing 3’-UMP, 3’-AMP, and uridine 2’ ,3’-cyclie phosphate were 
completely without effect. 
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DISCUSSION 


The data presented above show that oligonucleotides, such as 
pApA, that have a nonesterified C-3’ hydroxyl group on the 
terminal nucleoside residue can take part in the formation of long 
chain polyribonucleotides catalyzed by polynucleotide plios- 
phorylase. The evidence shows that a nucleoside 5’-diphosphate 
transfers a nucleoside monophosphate to the free C-3’ hydroxy] 
of the oligonucleotide to form a new, 3’-5’-phosphodiester bond. 
Several experimental observations indicate that the oligonucleo- 
tide molecules are incorporated intact into the polymer and also 
demonstrate that they occur at the beginning of the chains. 
The possibility that the oligonucleotides undergo preliminary 
phosphorolysis to give nucleoside diphosphates was ruled out by 
several lines of evidence. (a) With pApA, ApA and ApU phos- 
phorolysis does not occur (18). Furthermore, the compound 
pApApUp has been isolated from a ribonuclease digest of poly U 
synthesized in the presence of pApA. (6) The direct formation, 
in high yield, of pApApApU from pApApA and UDP, as well as 
the analogous synthesis of pApApApG, has been demonstrated 
(38). (c) In the early stages of the polymerization reaction, 
when most of the primer is incorporated, the concentration of 
P; is too low to allow appreciable phosphorolysis. (d) The con- 
centrations of oligonucleotides affording optimal rates of poly- 
merization decrease with increasing chain length, a finding which 
would not be expected if, for example, pApApApA were broken 
down to pApA before utilization. (e) Serial chromatograms 
show that such oligonucleotides as pApApA, pApApApA, and 
ApApU, remaining in the reaction mixture, appear to be un- 
changed and homogeneous. However, when pApApA was not 


TABLE VI 


Recovery of ApUp and ApApUp after formation of 
poly A and poly U 


In the experiments with UDP, the incubation mixtures (0.10 
ml) were exactly as described for Fig. 7. In the experiments with 
ADP, the incubation mixtures (0.10 ml) contained 10 ng (ApApUp) 
or 21 wg (ApUp) of A. agile polynucleotide phosphorylase (S.A. 
150) per ml, and, 58 ymoles of ADP, and 10 wmoles of MgCl, per ml. 
The concentrations of ApUp and ApApUp were 3.6 and 2.6 mm, 
respectively. The release of P; was followed during the course of 
the reactions and was similar to that found in the experiment 
shown in Fig. 7. At the indicated times, 0.02-ml aliquots of the 
reaction mixtures were placed on paper and chromatographed. 
The ultraviolet-absorbing areas corresponding to the oligonucleo- 
tides were eluted quantitatively and the absorption of the eluates 


was determined. 
? | 
—. Oligonucleotide | pene Oligonucleotide recovered (mM) 
UDP ApUp Pag Ohr | 15hr | 4hrs 
| 3.1 3.1 3.2 
UDP = ApApUp | 3 0 hr 1.5 hr 3.4 hrs 
| | 2.3 2.3 2.4 
| | 
ADP ApUp 2 Ohr | 15hr  3hrs 
| | | 3.3 3.2 3.0 
| | | 
ADP ApApUp | 0 hr 1.0 hr 3.5 hrs 
| | 28 2.5 2.8 
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completely incorporated near the completion of the polymeriza- 
tion reaction, a small amount of phosphorolysis to form pApA 
was noted. (f) When UDP was polymerized in the presence of 
pApApA and the product was isolated and digested with pan- 
creatic ribonuclease, all of the adenine was recovered in a 
material whose properties were consistent with the structure 
pApApApUp. Had ADP been formed and incorporated, it would 
have given rise to ApUp. 

Polynucleotide chains formed in the presence of such oligo- 
nucleotide primers are probably of relatively short length be- 
cause, in the case of poly A, they are less readily precipitated by 
acid. Furthermore, the reaction mixture became highly viscous 
at an early stage when ADP alone was polymerized, whereas in 
the presence of pApApA the viscosity remained low throughout 
the course of reaction. However, these data are only suggestive, 
and data must be obtained on molecular size distribution in the 
presence and absence of oligonucleotide by a combination of 
physical methods. 

In addition to taking part in the polymerization reaction, the 
oligonucleotides that have an unesterified, terminal, C-3’ hy- 
droxyl group overcome the lag in the formation of polymer that 
occurs with extensively purified A. agile preparations (12) ;* they 
can therefore be termed true primers for polynucleotide phos- 
phorylase. However, because the enzyme preparations obtained 
to date do not show an absolute requirement for such a primer, 
this interpretation cannot be considered as proven. The lag 
period that occurs before polymerization of ADP or UDP be- 
gins can be interpreted as indicating the presence of polynucleo- 
tide material in the enzyme preparations or the slow synthesis of 
material that can serve asa primer. ‘The resolution of this prob- 
lem must await further purification of the enzyme. 

The mechanism by which compounds such as ApUp and Ap- 
ApUp overcome the lag period is not understood, for these com- 
pounds, lacking an unesterified C-3’ hydroxyl group, cannot 
serve as starting points for chain proliferation. The exact mech- 
anism by which the high molecular weight polymers overcome 
the lag period (12, 13) is also not understood. In contrast to 
the oligonucleotides, the polymers display complicated specificity 
interrelationships (12). The mode of action of materials such 
as ApUp and the polymers is an intriguing problem for further 
investigation. 

Hendley and Beers (40, 41) have reported that the polymeriza- 
tion of ADP by polynucleotide. phosphorylase from M. lysodetk- 
ticus is inhibited by nondialyzable commercial yeast ribonucleic 
acid. Polymerization of UDP is only slightly affected. The 
inhibition is overcome by poly A, by highly polymerized ribo- 
nucleic acid, or by certain dialyzable fractions. Beers has sug- 
gested (41) that the results reported herein, with polynucleotide 
phosphorylase from A. agile can be explained by inhibition by 
degraded ribonucleic acid contaminating the enzyme prepara- 
tions and the reversal of this inhibition by the addition of ‘‘ac- 
tive” polynucleotides. Accordingly, a dialyzed preparation of 
alkali-treated, commercial yeast ribonucleic acid was added to 
fractions from A. agile, but no inhibition was observed. In fact, 
polymerization of ADP is stimulated in the same manner as with 
highly polymerized yeast ribonucleic acid and poly A. No ex- 
planation is available for these differences. 


6 Oligonucleotides are also effective in stimulating the nucleo- 
side diphosphate-P; exchange reaction. These data will be pub- 
lished later. 
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SUMMARY 


Oligoribonucleotides serve as primers for the polymerization 
of adenosine 5’-diphosphate, uridine 5’-diphosphate, and thy- 
mine ribonucleoside pyrophosphate catalyzed by polynucleotide 
phosphorylase. Highly purified preparations of enzyme from 
Azotobacter agile (12) catalyze the polymerization reaction only 
after an initial lag period. This lag can be eliminated by oligo- 
nucleotides that have an unesterified, terminal, C-3’ hydroxyl 
group. These oligonucleotides serve as starting points for chain 
proliferation; in their presence polymer chains are extended by 
successive additions of nucleoside 5’-monophosphate units to 
the free C-3’ hydroxyl groups of the preexisting chains, starting 
with the addition of a unit to the added oligonucleotide. These 
primers have little or no effect on the rate of polymerization when 
relatively crude enzyme preparations (from A. agile or Escherichia 
colt) are used, but even with these fractions, oligonucleotides 
are incorporated into polymer and serve as starting points for 
chain extension. 

The lag in polymerization that is found with highly purified 
A. agile preparations is also overcome by oligonucleotides in 
which the C-3’ hydroxyl of the terminal nucleoside residue is 
blocked by a phosphate group. However, these compounds are 
not incorporated into the polymer formed and their mode of ac- 
tion is not understood. 
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Polynucleotide phosphorylase catalyzes the reversible poly- 
merization of nucleoside diphosphates (1). With enzyme prep- 
arations from Escherichia coli (2), Azotobacter agile (3), and M1- 
crococcus lysodeikticus (4, 5) a reaction has been observed with 
single additions of adenosine, uridine, cytosine, or inosine diphos- 
phate to form the corresponding homopolymer. However, the 
polymerization of guanosine diphosphate represents a special 
case. Littauer and Kornberg (2) observed no polymerization 
reaction upon incubating GDP with fractions from EF. colt. In 
experiments with polynucleotide phosphorylase from A. agile, 
Grunberg-Manago et al. (3) noted a very slow release of P; from 
GDP, but this reaction stopped far short of the equilibrium point 
found for ADP and UDP. In contrast, when mixed with other 
nucleoside diphosphates, GDP is well utilized and polymers 
such as poly AGUC'! are formed (3). 

The experiments described below show that GDP, when pres- 
ent alone, is not polymerized even after many hours by enzyme 
fractions from A. agile or E. coli. However, polymerization of 
GDP does take place in the presence of oligonucleotides such as 
pApApA and ApApU, and guanosine monophosphate units are 
added to the primer. No reaction occurs with GDP and oligo- 
nucleotides, such as ApApUp, that do not contain an unsubsti- 
tuted hydroxyl group at carbon 3’ of the terminal nucleoside 
residue. Highly purified fractions of A. agile polynucleotide 
phosphorylase, kindly supplied by Drs. Mii and Ochoa (6), cata- 
lyze the polymerization of ADP, UDP, CDP, and IDP only af- 
ter a lag period. This lag can be overcome by ribonucleic acid 
and certain other polymers (6), as well as by oligoribonucleotides 
of various types, including pApApA, ApApU and ApApUp (see 
preceding paper (7)). Accordingly, GDP differs from other nu- 
cleoside diphosphates in that its polymerization requires the 
presence of oligonucleotides of the type that can be incorporated 
into the polymer. 


MATERIALS AND METHODS 


Most of the experimental procedures were the same as those 
in the preceding paper (7) and only brief reference will be made 
to them here. 


* Research Fellow of the National Institute of Arthritis and 
Metabolic Diseases of the National Institutes of Health, United 
States Public Health Service, 1956-1958. 

1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate. The biosynthetic polymers synthesized by the action 
of polynucleotide phosphorylase are: poly A, polyadenylic acid; 
poly U, polyuridylic acid; poly C, polycytidylic acid; poly G, 
polyguanylic acid; poly AU, copolymer of adenylic and uridylic 
acids; poly AGUC, copolymer of adenylic, uridylic, guanylic, and 
cytidylic acids. Rgpp is the ratio of the Rr of a given compound 
to that of GDP. 


-Sinsheimer (10). 
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Materials—GDP was obtained from the Sigma Chemical Com- 
pany and samples were usually stored at 3° for several months 
before use. The preparations were found to contain up to 15% 
of 5’-GMP and up to 4% of GTP by quantitative paper chro- 
matography in Solvent 3 (see below) and the values stated for 
concentrations of GDP have been corrected. A sample of a 
chemically synthesized adenylic acid polymer (8) was kindly 
provided by Dr. A. M. Michelson, Arthur Guinness Son and Com- 
pany, Ltd., Chemist’s Laboratory, Dublin; it consists of short 
polynucleotide chains containing mixed 3’-5’ and 2’-5’ phospho- 
diester bridges and terminated by a cyclic 2’ ,3’-phosphoryl group. 
A dinucleoside monophosphate with a 2’-5’ phosphodiester 
bridge, namely adenylyl-(2’-5’)-uridine (9) was also a gift from 
Dr. Michelson. 

The preparation of polynucleotide phosphorylase from E. coli 
was a fraction carried through the first ethanol step in the pro- 
cedure of Littauer and Kornberg (2); its specific activity in the 
“exchange” assay (3) was 15. Three highly purified prepara- 
tions from A. agile (6) were given to us through the kindness of 
Drs. Mii and Ochoa; all of them were found to display a lag 
period in the polymerization of ADP and UDP which could be 
overcome by addition of a suitable primer. The fractions are 
designated by their specific activity in the exchange assay (3) as 
S.A. 70, S.A. 60, and S.A. 350. Two fractions (S.A. 40 and S.A. 
160) that did not show well defined lag periods were also obtained 
from Drs. Mii and Ochoa. Snake venom phosphodiesterase was 
prepared by a modification of the procedure of Koerner and 
Phosphomonoesterase was fractionated from 
human seminal plasma (11). 

Methods—The solvent systems used for descending chroma- 
tography were: Solvent 1, isopropanol-water (70:30, volume for 
volume) with NH; in the vapor phase (12); Solvent 2, saturated 
ammonium sulfate-isopropanol-1 m sodium acetate (80:2:18, 
volume for volume for volume) (13); Solvent 3, isobutyric acid-1 
M NH,OH-0.2 m EDTA! (100:60:0.8, volume for volume for 
volume) (14); Solvent 4, isopropanol, 170 ml, concentrated HCl, 
44 ml, water up to 250 ml (15); Solvent 5, n-propanol-concen- 
trated NH,OH-water (60:30:10, volume for volume for volume) 
(16). Whatman No. 3MM paper was used with Solvents 1, 3, 
and 5, and Whatman No. 1 paper with Solvents 2 and 4. 

Inorganic phosphate was determined by the method of Fiske 
and SubbaRow (17), with the use of the Klett colorimeter with a 
No. 66 filter. The higher concentrations of oligonucleotide used 
in this study caused an interfering turbidity upon addition of am- 
monium molybdate. This difficulty was overcome and satis- 
factory assay of P; was obtained by the following procedure. An 
aliquot of the incubation mixture containing from 0.015 to 0.060 
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Fic. 1. Polymerization of GDP as measured by formation of 
P;; effect of primers. The incubation mixture (0.05 ml) contained 
328 wg per ml of enzyme for Curve 3 and 164 wg per ml for all of 
the other curves. The concentration of GDP was 6.8 mm for 
Curves 1, 2, 3, and 13.7 mm for Curves 4, 6, and 6. Primer addi- 
tions: Curve 1, 4.6 mm pApApA; Curve 2, 3.8 mm pApA; Curve 8, 
1.3 mm pApA; Curve 4, 1.8 mm pApApA; Curve 6, 3.8 mm pApA; 
Curve 6, 7.1mm pApA. Aliquots of 0.01 ml were removed for Pi 
analysis. In control experiments, without primer, the concen- 
tration of P; was <0.1 mM after as long as 20 hours. 


0.006 M GDP 
. PRIMER =0.004 M pApA 
164 
oO 
OW 
ep) 82 
uJ 
O 
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82 (no primer) 
O | 2 


TIME (HOURS) 


Fig. 2. Polymerization of GDP with different amounts of en- 
zyme. The incubation mixtures contained the amounts of enzyme 
shown in the figure (ug per ml), and the following in mm: GDP, 6; 
pApA, 4.0. 


umole of P; is made up to 0.5 ml with cold perchloric acid whose 
strength is.such that the final concentration is 2.5%. After 5 
minutes at 0° the mixture is centrifuged and 0.3 ml of the super- 
natant fluid is mixed with 0.8 ml of 1 N H2SO,, 0.26 ml of water, 
0.16 ml of 2.56% ammonium molybdate, and 0.08 ml of reducing 
reagent. The mixture is centrifuged for 5 minutes at 1,500 x g 
in the International No. 1 centrifuge. The clear, blue, super- 
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natant fluid is decanted carefully into a Klett tube and read in 
the instrument, together with appropriate phosphate standards 
and blanks, 10 minutes after addition of the reducing agent. 


EXPERIMENTAL AND RESULTS 


Effect of pApA and its Homologues on Polymerization of GDP— 
There is no polymerization reaction when GDP alone is incubated 
with polynucleotide phosphorylase from A. agile. Thus, no re- 
lease of P; (<0.02 umole) from GDP occurs in 4 hours, with 
amounts of enzyme which would form 10 to 20 umoles of P, 
from ADP per hour.? Over 30 experiments were carried out 
with 6 different lots of enzyme, with 0.005 to 0.05 m GDP and 
incubation times that varied from 4 to 24 hours. In addition, 
study of the reaction mixture by paper chromatography in Sol- 
vents 1, 2, and 3 affords no evidence for the formation of poly- 
nucleotide material. However, in the presence of pApA, pA- 
pApA, or pApApApA one observes formation of P; at a rate 
that is nearly linear with time until equilibrium is approached. 
The equilibrium point is not well defined by the data but it ap- 
pears to correspond to the conversion of from 70 to 80% of GDP 
to P; and polynucleotide (Fig. 1). 

It can be seen from Fig. 2 that the initial rate of formation of 
P; is proportional to the concentration of enzyme, in the pres- 
ence of 6 mm GDP and 4 mm pApA. A similar rate was ob- 
tained at 13.7 and 30 mm GDP, suggesting that the enzyme is 
saturated with GDP at a concentration of less than 6 mm. Be- 
cause of insufficient material it was not possible to determine the 
concentrations of the various primers required to saturate the 
enzyme. Thus the rate of P; formation is 0.9 and 2.0 umoles 
per hour per ml of reaction mixture in the presence of 4.3 and 
7.0 mm pApA, respectively (GDP, 13.7 mM; enzyme, S.A. 70, 
82 wg per ml). The trinucleotide is effective at lower concen- 
trations; under the same conditions mentioned above 2.8 mm 
pApApA gives a rate of 3 uwmoles of P; per hour per ml. It 
should be noted that concentrations of pApA and pApApaA that 
do not saturate the GDP system are more than enough to give 
maximal stimulation of the rate of polymerization of ADP and 
UDP (7). The tetranucleotide, pApApApA, was tested at con- 
centrations of 2.1 mm, 0.74 mm, and 0.44 mm; these levels were 
found to be approximately equivalent to 2.9 mM, 0.97 mm, and 
0.58 mm pApApaA, respectively. Thus, the tetranucleotide is 
effective at somewhat lower concentrations than required for the 
trinucleotide. 

There is no detectable formation of P; when any of the enzyme 
fractions are incubated with pApA, pApApA, or pApApApaA in 
the absence of GDP. Also, there is no reaction in the absence 
of enzyme.. 

Similar results were obtained with the EF. coli polynucleotide 
phosphorylase. Again, in the absence of pApA or pApApA, no 
material with an Rr of zero was detected on paper chroma- 
tograms nor were any oligonucleotides containing guanosine 
formed. ‘The curve of P; formation plotted against time was 
also quite flat except for a small initial burst. A minor con- 


taminant of GDP preparations appears to be rapidly dephos- 


phorylated by the EF. coli enzyme but not by A. agile fractions. 
It might also be mentioned that a primer requirement for GDP 
polymerization could be demonstrated with cruder enzyme prep- 


2 In the case of enzyme fractions that showed a lag phase in the 
polymerization of ADP this comparison is based on the rate 
achieved after the lag phase, or on the initial rate in the presence 
of saturating amounts of poly A. 
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arations from A. agile, preparations that showed no primer re- 
quirement for the polymerization of ADP and UDP. 

E;tect of Other Materials That Were Tested as Primers—Table 
[ gives a list of nucleotides that did not induce polymerization 
of GDP. In addition, no effect was noted with an unknown ma- 
terinl that occurs in filter paper and can be eluted with water, 
although in experiments with ADP or UDP a small but signifi- 
cant stimulation was obtained in this way (7). 

Three oligonucleotides containing no phosphomonoester end 
group were tested with 13.7 mm GDP and 82 yg of 5.A. 70 en- 
zyme per ml. The results were as follows: (a) ApA, at 3.6 mM, 
resulted in a stimulation of P; release equivalent to that ob- 
tained with 4.2 mm pApA, (b) ApApU (2 mM) had exactly the 
same effect as pApApA (2 mm). ApApA was less effective, but 
the significance of this is doubtful, since only a single preparation 
was tested. Several lots of the other oligonucleotides were used. 

Two thymidine oligonucleotides, namely, pT pT and pTpTprT, 
were inactive as primers. 

Products Formed from Polymerization of GDP in Presence of 
pApApA—When GDP is incubated with polynucleotide phos- 
phorylase and pApApA for a brief interval the major reaction 
product is pApApApG. Oligonucleotides corresponding to the 
addition of 2 and 3 guanosine monophosphate residues also ap- 
pear, but in smaller amounts. More highly polymerized ma- 
terial, with an R»p of zero in various solvent systems, cannot be 
detected until later in the course of incubation. These observa- 
tions are illustrated in the ultraviolet photograph of a chromato- 
gram showing components of a typical reaction mixture at dif- 
ferent time intervals (Fig. 3). 

I:vidence for the structure of pApApApG includes the follow- 
ing: The material moves as a single band in Solvents 1 and 3, 
and its Re is consistent with the structure assigned. Hydrolysis 


TABLE [ 


Compounds that failed to stimulate polymerization of guanosine 
diphosphate 

The incubation mixtures contained the following, in wmoles per 
ml: Tris buffer, pH 8.2, 150; MgCle, 10; EDTA, 0.4; GDP 10 or 
14; and other additions as indicated below. Incubation tempera- 
ture, 37°. Formation of P; was determined at three time inter- 
vals over a period of 4 hours, and the values were corrected for 
P; present at zero time. Purified 4. agile polynucleotide phos- 
phorylase (S.A. 70) was used. 

Kixcept where specifically indicated, the same incubation con- 
ditions and the same enzyme preparation were used in the other 
experiments reported. 


Compound | Concentration 
mM 
Adenosine 5’-benzyl phosphate............... | 5.0 
Adenylyl-(2’-5’)-uridine...................... | 6.3 
| meg ml 
Polvadenylic acid, chemically prepared (8)... 1.2 
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Fiac. 3. Ultraviolet photograph of a chromatogram run in Sol- 
vent 3. This is from an experiment similar to that in Fig. 4. At 
zero time (not shown) the only visible densities corresponded to 
pApApA, GMP, GDP and GTP. This photograph shows partial 
disappearance of pApApA as the incubation proceeds, as well as 
the formation of pApApApG, pApApApGpG, pApApApGpGpG, 
and polymer (visible at 63 minutes, near top of photograph). 


in 1 N HCI (18) followed by quantitative chromatography in Sol- 
vent 4 yielded adenine and guanine in a ratio of 3.2:1.0 (theory, 
3.0:1.0). Hydrolysis in 0.3 n- KOH (19), followed by chroma- 
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Fic. 4. Polymerization of GDP in the presence of pApApA. 
The incubation mixture (0.2 ml) contained 82 ug per ml of enzyme. 
and the following, in ymoles per ml: GDP, 13.7 and pApApA, 2. 
Aliquots of 0.03 ml were chromatographed in Solvent 3 and the 
various bands were quantitatively transferred and run in Solvent 
1. Quantitative elution was again carried out and the concentra- 
tion of the various nucleotides was determined.* No polymer 
could be detected after 15 minutes but it was found in samples 
removed after 40 minutes of incubation. Thereafter the concen- 
tration of polymer increased progressively; it reached a value 
equivalent to 8 wmoles of base per ml in 6.5 hours, when it ac- 
counted for almost all of the GDP which disappeared. 
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tography in Solvent 1 gave adenosine 3’ ,5’-diphosphate (mixed 
with 2’,5’ isomer), 3’-AMP (mixed with 2’/-AMP), and guano- 
sine, the expected products. No guanylic acid was formed. 
The results of partial hydrolysis by purified snake venom phos- 
phodiesterase were also informative. This fraction has been 
shown to cleave both oligodeoxyribonucleotides (20) and poly- 
ribonucleotides (21) in stepwise fashion, beginning at that end 
of the molecule bearing an unsubstituted hydroxyl group at car- 
bon 3’. From pApApApG one would expect 5’-GMP and paA- 
pApA to be the major early products, followed later by pApA and 
5’-AMP. When enzymic hydrolysis of pApApApG was carried 
to the extent of 40% the following were found by quantitative 
elution from paper chromatograms: pApApA, 0.023 umole; 5’- 
GMP, 0.020 umole; 5’-AMP, 0.010 umole; pApA, 0.002 umole. 

Evidence for the structure of pApApApGpG is the following: 
It moves as a single band in Solvents 1 and 3, with a lower Rp 
than the tetranucleotide just discussed. Acid hydrolysis yielded 
adenine and guanine in a ratio of 1.7:1.0 (theory, 1.5:1.0).  Al- 
kaline hydrolysis gave adenosine 3’,5’-diphosphate (and the 
2’.5’ isomer), 3’-AMP (and 2’-AMP), 3’-GMP (and 2’-GMP), 
and guanosine. 

The hexanucleotide, pApApApGpGpG, was obtained in small 
amounts. It was found to contain adenylic and guanylic acid 
residues but there was insufficient material for accurate quanti- 


* As in the preceding paper (7), the assumption is made that 
the molar extinction coefficient of an oligonucleotide is approxi- 
mated by the sum of the extinction coefficients of its constituent 
nucleotides. Values used for the molar extinction coefficients, 
at 257 my and pH 2, for AMP and GMP are 15,100 and 12,200, re- 
spectively. The approximation does not account for any hypo- 


chromic effect. 
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tative analysis. The structure is therefore only tentatively as- 
signed. 

The following values for Rapp were obtained for pApApA)G, 
pApApApGpG and pApApApGpGpG: in Solvent 1, 0.52, 0.26, 
and 0.10, respectively; in Solvent 3, 1.60, 1.17, and 0.49, re- 
spectively. The ratio of absorbancy (pH 2) at 280 my over that 
at 260 mu was found to be 0.33 for pApApApG, 0.42 for pApA- 
pApGpG, and 0.58 for pApApApGpGpG. 

Structure of ‘poly G’’—This term is restricted to material that 
is precipitated by 2 volumes of ethanol, that is insoluble in cold 
2.5% HCIlO,, and that remains at the origin upon chromatog- 
raphy in Solvents 1, 2, or 3. Alkaline hydrolysis of such ma- 
terial yields mostly 3’-GMP and 2’-GMP, identified by their R, 
values in Solvents 1 and 2, and by the fact that they were read- 
ily hydrolyzed by phosphomonoesterase purified from human 
seminal plasma but not by 5’-nucleotidase. Smaller amounts 
of adenine-containing nucleotides derived from the incorporated 
primer are also obtained. 

The following experiment illustrates the preparation of ‘poly 
G,” of short average chain length, formed by addition of guano- 
sine monophosphate units to pApApA. The incubation mixture 
contained 50 wg of EF. coli polynucleotide phosphorylase, 125 
umoles of Tris buffer, pH 8.2, 10 wmoles of MgCl, 0.4 umole of 
EDTA, 1.31 wmoles of pApApA, and 27.4 uwmoles of GDP, in a 
total volume of 1.0 ml. The mixture was incubated at 37° for 
25.5 hours, with toluene added after 6 hours. The formation of 
P; amounted to 8 wmoles. A chromatogram run in Solvent 3 
showed complete incorporation of jpPApApA and all of the reac- 
tion products had an Ry of zero. Two volumes of cold ethanol 
were added and after 3 hours at 2° the precipitate was collected 
by centrifugation and dissolved in distilled water. The solu- 
tion was dialyzed against 1 liter of cold 0.001 m EDTA for 24 
hours and then against cold, running distilled water for 48 hours. 
The yield of polymer, based on measurement of optical density, 
was 56% of what could be expected from the amount of P; that 
had been formed. Paper chromatographic examination of the 
product after dialysis showed complete removal of GDP. Hy- 
drolysis of a sample of the dialysis residue in 1 N HCl (18) fol- 
lowed by chromatography in Solvent 4 gave a guanine-adenine 
ratio of 2.8:1, corresponding to an average chain length of 11.4. 
This indicates the addition of 8.4 guanylic acid residues, on the 
average, to every molecule of pApApA. The material was acid 
insoluble, and was nondialyzable. 

In later experiments, with the use of much larger amounts of 
enzyme, poly G that had an average chain length of 30 was syn- 
thesized. Further, with the use of pUpUpU as a primer and 
treating the resultant polymer with pancreatic ribonuclease, it 
was possible to remove uridylic acid from the preparation and so 
obtain poly G free of bases other than guanine. In a typical 
experiment the incubation mixture (0.5 ml) contained 27.4 umoles 
of GDP, 75 umoles of Tris buffer, pH 8.2, 5 umoles of MgCh, 
0.2 umole of EDTA, 0.9 umole of pUpUpU, and 320 ug of a gel 
eluate fraction from A. agile (S.A. 160). The mixture was kept 
at 37° for 6.5 hours. The polymer was precipitated by the addi- 
tion of 1.0 ml of cold 5°, HCIO, and collected by centrifugation. 
It was washed with 2 ml of 3° HClO, and then with two por- 
tions (2 ml each) of 0.01 N HCl. The precipitate was suspended 
in 1 ml of water and dissolved by addition of sufficient 1 N 
NH,OH to bring the pH to 7.0. An opalescent, distinctly vis- 
cous solution was obtained. An aliquot was hydrolyzed with 

0.3 n KOH (19) and the products were separated in Solvent 5 and 
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Fic. 5. Polymerization of GDP in the presence of pApApA. 
The incubation mixture (0.2 ml) contained 82 ug per ml of enzyme 
and the following, in wmoles per ml: GDP, 6.8; pApApA, 4.1. 
Samples of 0.03 ml were removed at intervals for chromatography 
in Solvent 3. In A, formation of P; plotted against time. In B, 
changes in the concentration of GDP and various oligonucleotides 


quantitatively eluted. The products were: uridine 3’,5’- (and 
2’ ,5’)-diphosphate, 0.05 umole; 3’ (and 2’)-GMP, 1.28 umoles; 
3’ (and 2’)-UMP, 0.105 umole; guanosine, 0.045 umole. From 
the total amount of compounds containing guanosine isolated in 
this experiment the yield of poly G was calculated to be 50°% of 
that expected from P; release. The results are close to what one 
would expect from a polymer with an average chain length of 
30. This can be represented diagrammatically, with vertical 
dotted lines showing the points of alkaline cleavage: 


GpiG 
26 1 
UDP UMP GMP guanosine 


Since no guanosine 3’ ,5’-diphosphate was found, and guanosine 
was equal to uridine diphosphate, it is evident that all of the 
polymer chains were built onto pUpUpU as a primer. 

The remainder of the preparation of poly G was shaken with 
1 volume of CHCl; and ;'5 volume of isoamy] alcohol (22), and 
centrifuged. The aqueous layer was removed and re-extracted 
in order to complete the removal of enzyme protein. The or- 
ganic solvents were removed by extraction with diethyl ether, 
after which the aqueous solution was aerated at 40°. The poly- 
mer solution was then treated with 500 ug of pancreatic ribonu- 
clease for 4 hours, at 37°, in order to cleave off uridylic acid 
units. The treatments with organic solvents and precipitation 
with perchloric acid were repeated. Alkaline hydrolysis of the 
resultant polymer gave, as expected, only 3’ (and 2’)-GMP and 
guanosine. From the ratio of GMP to guanosine the average 
chain length was found to be 24. The removal of 3 uridylic acid 
residues from the original polymer, of chain length 30, would be 
expected to result in an average chain length of 27. The dis- 
crepancy is probably due to experimental error. 
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plotted against time (Curve A, GDP; Curve B, pApApA; Curve C, 
pApApApG; Curve D, pApApApGpG; Curve E, pApApApGpGpG). 
Two other products were found, but only in the sample removed 
at 240 minutes, namely pApA (0.35 mM) and polymer (equivalent 
to 2.0 mm mononucleotide). 


CONCENTRATION IN ML. 


Time Course of Polymerization Reactions with Different Con- 
centrations of GDP and Primer—Fig. 4 shows the results of an 
experiment in which GDP and pApApA were incubated with the 
A. agile enzyme. At various time intervals, aliquots of the in- 
cubation mixture were removed and its components were deter- 
mined by quantitative chromatography. It is evident from Fig. 
4 that most of the primer is utilized within 15 minutes and all of 
it disappears within several hours. The concentration of pApA- 
pApG rises to nearly 0.7 mM in 40 minutes and after 6 hours falls 
to 0.1 mm. The pentanucleotide, pApApApGpG, accumulates 
only in trace amounts (not shown), whereas the hexanucleotide 
reaches a level of 0.11 mm in 4.5 hours. No polymer is noted 
after 15 minutes but it can be found in an aliquot removed after 
40 minutes and thereafter its concentration rises (see legend to 
Fig. 4). An experiment with 13.7 mm GDP and 1 mm pApApA 
gave similar results. 

An experiment was carried out under identical conditions ex- 
cept that the concentration of pApApA was increased to 4 mM. 
This led to a more rapid accumulation of pApApApG, so that 
its concentration was 1.6 mM after 20 minutes. Also there was a 


less rapid decline with time, compared with the experiment men- 


tioned above. A substantial amount of pApApApGpG was 
formed, as well as smaller amounts of pApApApGpGpG. No 
polymer was evident in a sample removed after 20 minutes but 
it was found after 1 hour, and thereafter increased with time of 
incubation. In this experiment pApApA was not completely 
utilized; in fact, its concentration showed a small rise between 1 
and 6 hours. Possible explanations are considered below. 

The results of an experiment in which the concentration of 
GDP (6.8 mM) was brought close to that of pApApA (4.1 mm) 
are presented in Figs. 54 and B. The changes to be observed 
between 40 and 240 minutes illustrate several points. First, 
there is a substantial decrease in the concentration of pApA- 
pApG. Also, there is evidence of a continued forward reaction, 
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namely: (a) decrease in GDP (—0.9 mm), (6) increase in P; 
(+0.6 mM), and (c) appearance of polymer (equivalent to 2.0 
mM GMP). There is also evidence for a net reaction in the re- 
verse direction, occurring simultaneously. Thus, no pApA is 
present after 20 and 40 minutes, but 0.35 mM‘ is noted after 240 
minutes. This simultaneous phosphorolysis of pApApA and 
continued polymerization may explain why the decrease in GDP 
is greater than the net increase in Pj. | 

In similar experiments, except that more enzyme was present, 
it was found that the composition of the reaction mixture changed 
to a considerable extent after the formation of P; and the utiliza- 
tion of GDP came toa halt. Disappearance of pApApApG and 
pApApApGpG was noted, together with an increase in the con- 
centration of polymer and of smaller oligonucleotides. These 
observations led us to incubate pApApA and pApApApA with 
polynucleotide phosphorylase in the absence of added nucleoside 
diphosphate or P;. A transnucleotidation reaction was found 
to occur, with the simultaneous formation of smaller and larger 
polynucleotides. This reaction does not appear to involve the 
participation of ADP or P;, at least not in the free state. A de- 
tailed study will be reported in a future publication. 

The incorporation of the dinucleotide, pApA, into poly G was 
less extensively investigated, but here too it was found that oligo- 
nucleotides containing guanine accumulated early in the course 
of the reaction. At later time intervals these were observed to 
decrease in concentration and material with an Ry of zero was 
the major product. 


DISCUSSION 


The present results help to explain why no polymerization 
reaction has been observed with GDP and polynucleotide phos- 
phorylase in the past, even though guanosine monophosphate 
units have been incorporated into polynucleotide chains when a 
mixture of nucleoside diphosphates was used. The data indicate 
that a polynucleotide cannot be synthesized de novo from GDP; 
it is only possible for the enzyme to catalyze the addition of 
guanosine monophosphate units to a preformed oligonucleotide 
primer. These results were obtained with every sample of poly- 
nucleotide phosphorylase that was tested. Some of these en- 
zyme fractions showed no primer requirement at all with the 
other nucleoside diphosphates. Thus, it should be emphasized 
that these results differ from those reported in the preceding 
paper (7), where a lag period in the polymerization of ADP or 
UDP is overcome by compounds such as pApApA or ApApUp. 
With GDP the requirement for an oligonucleotide of suitable 
structure appears to be absolute; without it no reaction can be 
detected even after many hours. 

The primer must have an unsubstituted hydroxyl group at 
carbon 3’ of the terminal nucleoside residue in order for a 3’-5’ 
phosphodiester bridge to be established. Thus, ApUp and Ap- 
ApUp are inactive. Compounds that contained adenosine or 
uridine as the terminal nucleoside residue were used in the pres- 
ent study. 

A suitable primer for the polymerization of GDP must have 
at least one 3’,5’ phosphodiester bond. It is of considerable 
interest that ApA is an effective primer, whereas adenylyl-(2’- 
5’)-uridine (which contains a 2’-5’ phosphodiester bond) is not. 

* Tt was not possible to obtain an accurate measure of the ADP 


formed by phosphorolysis along with pApA because it appeared 
as a very diffuse density on the chromatogram. 
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No reaction could be demonstrated with poly A, poly U, po: C, 
or poly AGUC. Here there may have been inhibitory int: rac- 
tions, similar to the suppression of poly A synthesis by poiy U 
(6). It is also possible that the additions of polymer that \ere 
employed provided too low a concentration of terminal nucle: side 
residues with free hydroxyl groups at C-3’. An effort was 1iade 
to detect some reaction in an incubation mixture containing 10 
mg per ml of poly A. Relatively large aliquots were removed for 
estimation of P;, but the results were inconclusive. It is proba- 
ble that a primer must be a ribose derivative since pT pT and 
plpTpT were inactive: 

In the presence of 4mm pApApaA the rate of P; formation from 
GDP with purified A. agile fractions was one-fourth of that ob- 
tained with ADP. It is likely that even faster rates could have 
been observed with higher concentrations of primer. In other 
studies® it was shown that under suitable conditions the rate of the 
GDP-P; exchange reaction is nearly equivalent to that observed 
with other nucleoside diphosphates. It therefore appears that 
GDP is an effective substrate for the enzyme. These observa- 
tions are consistent with the findings of Mii and Ochoa (6), with 
highly purified fractions from A. agile, that indicate that a single 
enzyme is active with all of the ribonucleoside diphosphates. 

At present one may only speculate as to why there is an abso- 
lute requirement for a primer in the polymerization of GDP by 
polynucleotide phosphorylase whereas the same preparations of 
enzyme, when tested with other nucleoside diphosphates, may 
show only a lag period, after which a rapid reaction occurs in the 
absence of added primer. 


SUMMARY 


No polymerization of guanosine diphosphate occurs when poly- 
nucleotide phosphorylase is incubated with this compound alone. 
However, a polymerization reaction does take place in the pres- 
ence of an oligoribonucleotide containing an unsubstituted hy- 
droxyl group at carbon 3’ of the terminal nucleoside residue. 
Such oligoribonucleotides include ApA, ApU, ApApU, pApA, 


and pApApA. 


The oligonucleotide serves as a primer and successive guano- 
sine monophosphate units are added to it, beginning with esteri- 
fication of the hydroxyl group at carbon 3’. Thus, with a trinu- 
cleotide containing adenosine serving as primer, polynucleotides 
were recovered whose structures corresponded to the addition of 
1, 2, and 3 guanosine monophosphate residues. A polymer that 
is precipitated by acid and by 2 volumes of ethanol is also formed. 
It is nondialyzable and its composition indicates that, on the 
average, up to 27 guanosine monophosphate residues have been 


added to each molecule of primer. 
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Lactobacillus (Thermobacterium) acidophilus R-26 has a specific 
requirement for a preformed deoxyribonucleoside residue. Oli- 
godeoxyribonucleotides and 5’-deoxyribonucleotides are active. 
However, this requirement is not replaced by vitamin By (1, 2). 

Previous nutritional studies have shown that ribonucleotides 
inhibit the deoxyribonucleoside activity! of 5’-deoxyribonucleo- 
tides for L. acidophilis (3). This inhibition was reversed by in- 
creasing levels of 5’-deoxyribonucleotides or deoxyribonucleosides 
and deoxyribonucleosides were more active in reversing the in- 
hibition caused by ribonucleotides than were 5’-deoxyribonu- 
cleotides. Phosphate, ribose 5’-phosphate, ribonucleosides, and 
purine or pyrimidine bases substituted in amounts equivalent to 
or in excess of the ribonucleotides did not influence the deoxy- 
ribonucleoside activity of 5’-deoxyribonucleotides for L. aci- 
dophilus. Purine ribonucleotides were generally more active 
inhibitors of the deoxyribonucleoside activity of 5’-deoxyribonu- 
cleotides indicating their effect may not be to compete with 5’- 
deoxyribonucleotide for permeability into the cell. 

In all the results reported in the previous studies and in the 
following experiments, the morphology of L. acidophilus was of 
the elongated or filamentous form. The formation of elongated 
or filamentous cells by L. acidophilus under conditions in which 
the level of required deoxyribonucleoside is limited, has been 

previously reported by Jeener and Jeener (4). 

Investigations were undertaken to study the biochemical mech- 
anisms by which the deoxyribonucleoside activity of 5’-deoxy- 
ribonucleotides for L. acidophilus is inhibited in the presence of 
ribonucleotides. The DNA and RNA metabolism of L. acidoph- 
ilus was studied under a variety of nutritional conditions with 
particular reference to the precursor pools of RNA and DNA 
metabolism and the RNA and DNA composition of the cells. 


EXPERIMENTAL 


Nutritional Studies—The assay procedures, experimental me- 
dium and methods of culturing L. acidophilus R-26 have been 
published previously (5, 6). 


* Supported in part by the Division of Biology and Medicine, 
United States Atomic Energy Commission. Journal paper No. 
192, American Meat Institute Foundation. 

t The work presented is taken from a thesis submitted to the 
Department of Biochemistry of the University of Chicago in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. A preliminary report on this work was presented at 
the annual meeting of the American Society of Biological Chemi- 
ists, Atlantic City, New Jersey, April 1959. 

1 Deoxyribonucleoside activity based on L. acidophilus microbi- 
ological assay with the use of thymidine as standard. 


Preparation of Cells—Cells from a relatively small inoculum 
were incubated in several liters of medium containing thymidine 
or thymidylate (dT MP) as the sole source of deoxyribonucleoside 
activity, in the presence or absence of added adenylic acid (2’ ,3’- 
AMP?). The cells were incubated at 37° for 36-, 40-, 48-, or 60- 
hour periods. At the time of harvest, relative growth of the cells 
was determined by turbidity measurements at 660 my and by 
titration of the acid production per 10 ml of the medium. Micro- 
scopic examinations of the cells were also made at the time of 
harvest. 

The cells were harvested by centrifugation at 5,000 x g at 0°, 
washed three times with 0.9% sodium chloride solution and 
frozen until used. An aliquot of the supernatant fluid was re- 
centrifuged at 20,000 x g to remove any residual cells present. 
The deoxyribonucleoside activity and extracellular DNA was 
determined in the supernatant fraction thus obtained. 

Preparation of Acid-soluble Fractions—The acid-soluble frac- 
tion was extracted by the method of Okazaki and Okazaki (7) 
with the use of cold perchloric acid. 

Preparation of DNA and RNA Fractions—Lipid material was 
removed from the remaining residue by ethanol and hot 3:1 
ethanol-ether extractions. The nonlipid material was transferred 
to dialysis sacs and dialyzed for 24 hours against tap water before 
extracting the nucleic acid fractions. 

The RNA and DNA fractions were obtained from the residue 
with a modification of the procedure of Downing and Schweigert 
(8). The cell residue was treated with approximately 20 ml of 
1 n KOH for 16 hours at 37° to solubilize the RNA. The result- 
ant mixture was adjusted to pH 7.5, transferred to a dialysis sac, 
and dialyzed against a slurry containing 500 ml of H,0 plus 20 
g of Dowex 1 (Cl- form) ion exchange resin. A magnetic stirring 
device was used to increase the rate of adsorption of the ribonu- 
cleotides on the resin. The pH of the system was readjusted to 
7.5 after 3 hours of dialysis. After 20 hours of dialysis, the 260 
my absorbancy of the dialysate indicated all of the soluble ribo- 
nucleotides had been adsorbed on the Dowex 1 resin and the 
resin was removed by filtration. The ribonucleotides were eluted 
from the resin with 0.1 N HCl before use. 

The nondialyzable residue remaining after the above treat- 
ments was buffered at pH 7.2 in 0.02 m Tris and subjected to 
DNAase (Nutritional Biochemical Corporation) digestion (8). 
The residue was removed by centrifugation, washed twice with 
H.O, and the combined supernatant fractions containing the 
DNA oligonucleotides stored at 2° under toluene until used. 


2 A mixture of the 2’- and 3’-phosphates of the nucleosides. 
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Cell Residue Analyses—The residue remaining after removal 
of DNA was dried at 70° for 24 hours and the dry weight de- 
termined. The dried residue was hydrolyzed in 6 N HCl at 120° 
for 20 hours and the nitrogen content of the soluble fraction de- 
termined by the Kjeldahl procedure. 

Analyses of Fractions—The deoxyribonucleoside activity of the 
acid soluble fraction was determined by biological assay with L. 
acidophilus. Before the assay, the sample was treated with lyoph- 
jlized crude snake venom (Vipera russelli, Ross Allen’s Rep- 
tile Institute). The venom digestion was carried out according 
to the method of Hurst and Butler (9). Control experiments 
have shown complete recovery of the deoxyribonucleoside ac- 
tivity of 5’-deoxyribonucleotides in the presence of large amounts 
of ribonucleotide if the mixtures were subjected to venom treat- 
ment before the bioassay. 

DNA was determined by microbiological assay for deoxyribo- 
nucleoside activity with L. acidophilus after the venom digestion. 
In some experiments, DNA was also determined by the use of 
Keck’s modification of the diphenylamine test (10). DNA 
values are expressed as umoles of deoxyribonucleoside activity 
for L. acidophilis or as wmoles of deoxyribose when the diphenyl- 
amine assay was used. 

Ribose in the acid-soluble fractions and RNA fractions was 
estimated by the use of the orcinol test for pentose according to 
Mejbaum (11). The relatively small amount of deoxyribose in 
the acid-soluble fraction did not cause a measurable interference 
with the orcinol test (12). 

Estimation of Purine and Pyrimidine Base Ratios—The purine 
and pyrimidine base ratios of the DNA fractions were determined 
by chromatographic separation of the deoxyribonucleosides after 
venom digestion as described above. The pH of the resulting 
deoxyribonucleoside mixture was adjusted to 8.0 and the solu- 
tion passed through a column of Dowex 1 (Cl- form) resin with 
distilled HO as eluent. Bioassay of the eluted deoxyribonucleo- 
sides showed that essentially 100% of the oligodeoxyribonucleo- 
tides of the DNA fraction were converted to deoxyribonucleo- 
sides by the venom treatment. The deoxyribonucleoside solution 
was adjusted to pH 7.0, concentrated by flash evaporation to a 
small volume, and extracted three times with absolute ethanol 
at 50° according to the method of Loeb and Cohen (13). The 
extract was evaporated to dryness, resolubilized in 0.05 ml of 
H,O, and the deoxyribonucleosides separated on Whatman No. 
1 chromatographic paper strips with the use of the system of 
Hotchkiss (14). The ultraviolet-absorbing areas were eluted 
with 0.01 n HCl (pH 2) and assayed by absorbancy measure- 
ments at 250, 260, and 280 mu. Excellent agreement of bio- 


logical values (with L. acidophilus) and spectrophotometric values - 


were obtained in various experiments indicating that no ribonu- 
cleosides or free base contaminants were present in the deoxy- 
ribonucleoside fractions. 

Aliquots of the RNA fractions were subjected to formic acid 
hydrolysis with the method of Vischer and Chargaff (15). Cara- 
melized material was precipitated by the paraldehyde method of 
Batzer and Schweigert (16) before chromatography. The hy- 
drolyzed mixture was partially purified by the paper chromato- 
graphic technique used in the separation of the deoxyribonucleo- 
sides. The ultraviolet-absorbing areas were eluted in 2 nN HCl, 


pooled, and the purine and pyrimidine bases separated on Dowex 
50 (H+ form) ion exchange resin according to the method of Cohn 
(17). 


Quantitative estimations of the individual purine and 
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pyrimidine bases were made by absorbancy measurements at 
250, 260, and 280 mu. 


RESULTS AND DISCUSSION 


Nutritional Studies—L. acidophilus is able to synthesize DNA 
from a single deoxyribonucleoside or 5’-deoxyribonucleotide sup- 
plied to the medium (1), and is therefore able to transfer purine 
or pyrimidine bases without net loss of the deoxyribosyl-N-glyco- 
side bond. MacNutt (18) has demonstrated the presence of 
deoxyribosy] transglycosidase (deoxynucleoside transglycosylase) 
activity in L. acidophilus. The total deoxyribonucleoside ac- 
tivity of an equimolar mixture of dAMP, dCMP, dGMP, and 
dTMP was inhibited by a single ribonucleotide. The deoxy- 
ribonucleoside activity of any one 5’-deoxyribonucleotide was 
also inhibited by an equimolar mixture of 2’,3’-GMP, 2’,3’- 
AMP, 2’,3’-CMP and 2’,3’-UMP. However, total deoxyribo- 
nucleoside activity of an equimolar mixture of the four 5’-deoxy- 
ribonucleotides was not inhibited in the presence of an equimolar 
mixture of the four 2’ ,3’-ribonucleotides. 

From the results of these nutritional studies it appeared that 
the inhibition of the deoxyribonucleoside activity of 5’-deoxy- 
ribonucleotides by ribonucleotides may be a manifestation of 
imbalance effects in the DNA or RNA precursor pool, or both, 
of L. acidophilus. The mechanism by which ribonucleotides 
inhibit the deoxyribonucleoside activity of 5’-deoxyribonucleo- 
tides was studied in further detail by investigating the DNA and 
RNA metabolism of L. acidophilus under various nutritional 
regimens. 

Nucleic Acid Metabolism Studies—In several preliminary ex- 
periments, marked increases in the deoxyribonucleoside activity 
of the acid soluble fraction and in DNA per gram wet weight of 
cell crop were noted in cells grown in the presence of dTMP + 
2’, 3’-AMP when compared to cells grown on dTMP alone. 

In order to study further the sequence of events leading to 
this apparent accumulation of cellular DNA and deoxyribonu- 
cleoside activity in the acid soluble fraction, cells were grown 
under the following nutritional conditions: 1, 3.0 umoles of thy- 
midine per liter; 2, 3.0 umoles of thymidine plus 80 umoles of 2’, 

‘-AMP per liter (thymidine + 27 2’ ,3’-AMP); 3, 3.0 umoles of 
thymidine plus 160 umoles of 2’,3’-AMP per liter (Thymidine 
+ 54 2’,3’-AMP); 4, 3.0 umoles of dTMP per liter (dTMP); 5, 
3.0 ymoles of dTMP plus 80 umoles of 2’,3’-AMP per liter 
(dTMP + 27 2’,3’-AMP); 6, 3.0 uwmoles of dTMP plus 160 
umoles of 2’,3’-AMP per liter (€TMP + 54 2’,3’-AMP). 

The cells were harvested and the various fractions obtained by 
the procedures described above. Table I shows the growth pat- 
tern of L. acidophilus subjected to the various experimental treat- 
ments, after 40 hours of incubation. 

The amounts of DNA found in the cell crops from Treatments 
1 through 6 are shown in Table II. Comparisons of the results 
obtained by bioassay with L. acidophilus and chemical assay with 
the diphenylamine reagent are also presented. A decrease in 
DNA content was observed when cells are grown on equimolar 
levels of dTMP as compared to thymidine. The addition of 
2’ ,3’-AMP did not markedly increase the DNA content of cells 
grown on thymidine. As noted in the preliminary experiments, 
a marked increase in cellular DNA was found in the cells grown 
on dTMP + 2’,3’-AMP as compared to the cells grown 
on dTMP alone. Comparison of the two methods of DNA 
analysis used show that the diphenylamine reagent gave a con- 
sistently higher DNA content than the bioassay determination. 
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Nucleic Acid Metabolism in L. acidophilus 


TABLE [ 
Growth pattern of L. acidophilus, 40 hours of incubation 
Aci 
Turbid- |,-. D . 
Treatment No.* ity at 10 weight 
660 my residue 
meq g mg 
ais ck 0.36 | 0.76 | 0.41 | 50 
2 = Tdr + 27 2’,3’-AMP............ 0.36 | 0.95 | 0.47 | 53.5 
3 = Tdr + 54 2’,3’-AMP............ 0.36 | 0.90 | 0.46 | 52.5 
0.33 | 0.81 | 0.44 | 52.5 
5 = dTMP + 27 2’,3’-AMP..........| 0.25 | 0.70 | 0.32 | 37.5 
6 = dTMP + 54 2’,3’-AMP.......... 0.23 | 0.71 | 0.29 | 33.5 
* See text. 
Thymidine. 
TABLE II 
Deozryribonucleic acid content, 40 hours of incubation 
DNA/g dry weight | DNA/me 
L. act- 
“iusassay, | Diphenyl- | “Saye 
umoles deox- assay umoles X 
yribonucleo- Ad 10~3,deox- 
side yribonu- 
activity® cleoside 
activity* 
2 = Tdr + 27 2’,3’-AMP.......... 7.4 9.6 65 
3 = Tdr + 54 2’,3’-AMP.......... 8.2 11.5 73 
5 = dTMP + 27 2’,3’-AMP....... 7.0 11.9 60 
6 = dTMP + 54 2’,3’-AMP....... 8.5 14.4 74 


* See text. 
+ Thymidine. 


The relative values of DNA, however, were quite consistent with 
either procedure. The results of the DNA determinations with 
L. acidopyilus bioassay are presented in all subsequent data. 

Table III gives the amounts of deoxyribonucleoside activity 
found in the acid soluble fractions of the cell crops from Treat- 
ments 1 through 6. The results show that cells grown on dTMP 
+ 2’,3’-AMP accumulate large amounts of deoxyribonucleoside 
activity in the acid soluble fractions. No significant differences 
were found between the deoxyribonucleoside activities of the acid 
soluble fractions from cells grown on thymidine with or with- 
out 2’ ,3’-AMP or dTMP alone. 

A slight increase (15 to 20%) in the RNA content of cells grown 
on thymidine plus 2’,3’-AMP or dTMP was observed when 
compared to cells grown on thymidine. The cells grown on 
dTMP + 2’,3’-AMP also showed a slight, but consistent, de- 
crease in RNA as compared to cells grown on dTMP which is 
probably related to the inhibited growth of the cells grown on 
dTMP + 2’,3’-AMP (19). Orcinol-reactive material in the 
acid-soluble fraction increased (20 to 30%) in the cells grown 
on dTMP + 2’,3’-AMP as compared to cells grown in other 
treatments. 

The DNA content per unit of RNA ranged from 0.8% for 
cells grown on dTMP to almost 2.0% for the cells grown on 
dTMP + 2’,3’-AMP. The extremely low DNA-RNA ratio as 
compared to other literature values for various bacteria may be 
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attributable to the filamentous form of L. acidophilus cells ob- 
tained in these studies. 
Four of the above experimental treatments (1, thymidine; 3, 
thymidine + 54 2’,3’-AMP; 4, dTMP; and 6, dTMP + 54 2’, 
’-AMP) were used in a second experiment in which the cells 
were incubated 36 hours. The results obtained are shown in Ta- 
ble IV. DNA did not accumulate in the cells grown on dTMP + 
2’,3’-AMP at 36 hours, however, the deoxyribonucleoside 
activity found in the acid-soluble fraction was significantly in- 
creased in these cells (50 to 70%) when compared to the cells 


grown on dTMP. These results indicate that the accumulation © 


of DNA in cells grown on dTMP + 2’,3’-AMP occurs after an 
initial lag period and is preceded by an accumulation of deoxy- 
ribonucleoside activity in the acid-soluble fraction. 

In order to study the effects of incubation time, a third experi- 
ment was performed with Treatments 1, thymidine; 3, thymidine 
+ 54 2’,3’-AMP; 4, dTMP; and 6, dTMP + 54 2’,3’-AMP. 
The cells were incubated for 48 and 60 hours before harvest. 
The DNA content and deoxyribonucleoside activity found in 
the acid-soluble fractions of the cells at 48 and 60 hours of in- 
cubation are shown in Table V. 

At 48 hours of incubation, the cells grown on dTMP + 2’,3’- 
AMP showed an accumulation of DNA of almost 3-fold over the 
cells gown on dTMP. A slight increase in DNA was also ob- 
served in the cells grown on thymidine as compared to cells grown 
on thymidine + 2’,3’-AMP. The deoxyribonucleoside activity 


TABLE III 


Deoxyribonucleoside activity* of acid-soluble 
fractions, 40 hours of incubation 


Relative % 
Activity | Activity activityt 
Treatment No.* as? mg 
gt Per mg N 
| 
2 = Tdr + 27 2’,3’-AMP....... 0.52 4.5 117 122 
3 = Tdr + 54 2’,3’-AMP....... 0.46 4.0 104 108 
5 = dTMP + 27 2’,3’-AMP..... 0.83 7.1 184 192 
6 = dTMP + 54 2’,3’-AMP..... 0.92 8.0 204 216 


* See text. 
t With Treatment 1 arbitrarily designated as 100%. 
t Thymidine. 


TABLE IV 


Deoxyribonucleic acid and acid-soluble deoxyribonucleoside 
activity,* 36 hours of incubation 


DNA/mg N,| Acid-soluble 
umole X 107%; deoxyri 

Treatment No.* deoxyribo- nucleoside 

nucleoside activity/mg 
activity N 

pmoles 107% 
3 = Tdr + 54 2’,3’-AMP................ 60 4.1 
6 = dTMP + 54 2’,3’-AMP.............. 60 5.4 


* See text. 
Thymidine. 
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in the acid soluble fraction of the cells grown on dTMP + 2’, 
3’-AMP was maintained at approximately double that found in 
the cells obtained from the other treatments. 

At 60 hours’ incubation, the cells grown on dTMP + 2’,3/- 
AMP showed a relative excess in DNA content of more than 
3-fold over that of cells grown on dTMP and maintained a 70% 
excess of DNA as compared to the cells grown on thymidine. 

At 60 hours’ incubation, deoxyribonucleoside activity of the 
acid-soluble fraction of cells grown on dTMP + 2’,3’-AMP was 
approximately 70% in excess over cells grown on dTMP and 30% 
in excess over that of cells grown on thymidine + 2’,3’-AMP. 

Fig. 1 represents the relative increase in DNA and deoxyribo- 
nucleoside activity in the acid soluble fractions per mg of N of 
the residue, with time, for cells grown on dTMP + 2’,3’-AMP 
as compared to cells grown on dTMP. These data show that 
the cells grown on dTMP + 2’,3’-AMP accumulate deoxyribo- 
nucleoside activity in the acid soluble fraction before accumula- 
tion of DNA. As the cells age, the DNA content of cells grown 
on dTMP + 2’,3’-AMP attains a maximum of more than double 
that of cells gown on dTMP. This pattern is consistent with a 
hypothesis that the acid soluble DNA precursors of cells grown 
on dTMP + 2’,3’-AMP are not being efficiently utilized for 
DNA synthesis thereby accumulating in the acid soluble frac- 
tion. Apparently L. acidophilus commences utilizing these ac- 
cumulated precursors for DNA synthesis after an initial lag but 
is unable to adequately utilize the DNA thus formed for cell 
division. Other workers (20-22) have shown a similar metabolic 
pattern before normal cell division. 

The purine and pyrimidine base ratios of the DNA and RNA 
fractions obtained from Treatments 1, thymidine; 3, thymidine 
+ 54 2’,3’-AMP; 4, dTMP; and 6, dTMP #- 54 2’,3’-AMP; 
at 48 hours of incubation, were estimated to ascertain if any 
significant differences in the composition of the nucleic acids 
were apparent. 

The results of the analyses of the base ratios of the RNA frac- 
tion obtained from cells incubated 48 hours are shown in Table 
VI. The results given are the average of duplicate determina- 
tions. The base ratios of the RNA showed distinct variations 
attributable to the treatments used. 

Guanine was found to be the least abundant of the four bases 
in all RNA samples from L. acidophilus. The cells grown on 
thymidine + 2’,3’-AMP had a base ratio composition of near 
unity for the four bases isolated. The RNA of cells grown on 
thymidine was higher in cytosine content. <A definite trend to 


TABLE V 


Deoxyribonucleic acid and acid-soluble deoxyribonucleoside 
activity,* 48 and 60 hours of incubation 


DNA/mg N Acid-soluble 

umoles X 1073 deoxyribo- 

deoxyribo- nucleoside 

Treatment No.* | 
48 hrs | 60 hrs | 48 hrs | 60 hrs 
pmoles 10°% 

12.8 | 11.0 2.4] 1.9 
3 = Tdr + 54 2’,3’-AMP.............. 9.0| 5.0| 3.1 | 2.2 
6 = dTMP + 54 2’,3’-AMP............ 25.6 | 18.7 | 5.6 | 3.0 


* See text. 
+ Thymidine. 
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Fic. 1. Percentage increase in DNA and deoxyribonucleoside 
activity of the acid-soluble fraction (A.S.) per mg of N in cells 
grown on dTMP + 2’,3’-AMP with time as compared to cells 
grown on dTMP. X——-%X, deoxyribonucleoside activity of the 
acid soluble fraction; O——O, DNA content. 


TaBLeE VI 
Base composition of ribonucleic acid, 48 hours of incubation 
Relative ratiost 
Treatment No.* © 2 
=< Gis lé 
3 = Tdr + 54 2’,3’-AMP........... 10.1} 10.0) 10.5; 11.5) 0.91 
6 = dTMP + 54 2’,3’-AMP........ 27.5) 10.0) 27.0; 15.0) 0.89 
* See text. 


+ Values for guanine arbitrarily designated 10.0 for purposes of 


comparisons. 


Thymidine. 


increased quantities of cytosine and adenine occurred in the 
RNA of cells grown on dTMP or dTMP plus 2’,3’-AMP. A 
markedly higher adenine content of the RNA from cells grown 
on dTMP + 2’,3’-AMP was observed than in the RNA of the 
other cells. Whether this difference can be related to the ac- 
cumulation of DNA by these cells awaits further study. 

The base ratios of near unity for the RNA from cells grown on 
thymidine + 2’,3’-AMP may be a reflection of the relative age 
of these cells. These cells show the least accumulation of DNA 
and a high deoxyribonucleoside activity in the acid-soluble frac- 
tion at 48 hours of incubation, which may be indicative of a 
more active cell division rate than the cells grown in the other 
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TaBLeE VII 
Base composition of deoxyribonucleic acid, 48 hours of incubation 
Relative ratiost 
riboside | 5°" | ribosidet | riboside |G + C(U) 

10.6 10 10 11.0 1.1 
3 = Tdr + 2’,3’- 

11.0 10 9.1 12.0 1.2 
| 12.0 10 9.8 11.7 1.32 
6 = dTMP + 5442’,3’- 

14.0 10 11.0 12.9 1.3 

* See text. 


+ Values for guanine deoxyriboside designated as 10 for pur- 
poses of comparison. 

t Uracil deoxyriboside was found to have replaced deoxycyti- 
dine in these preparations and the reason for this replacement is 
currently under investigation. 

§ Thymidine. 


treatments. Heterogeneity of RNA within cells has been re- 
ported (23) and age of the cells may be a factor in these varia- 
tions. Apparently the nutritional environment plays an im- 
portant role in these variations. 

The results of the DNA base ratio analyses are shown in Table 
VII. The results given are the average of duplicate determina- 
tions. No significant differences in base ratios were noted be- 
tween the DNA samples isolated from cells grown on the various 
treatments tested. Uracil deoxyriboside was obtained from the 
deoxyribonucleoside preparations of all the DNA samples rather 
than deoxycytidine. The reason for uracil deoxyriboside replace- 
ment of deoxycytidine has not been investigated in this study. 

The DNA base ratios agree with the Watson-Crick structure 
for DNA. The cells grown on dTMP + 2’,3’-AMP had a 
slightly higher (A + T)/G + C(U) ratio than the DNA of the 
other cells. This difference does not appear significant and a 
considerable number of determinations would be required to de- 
termine the statistical probability that a difference exists. These 
data, however, do not establish that the DNA of cells grown on 
dTMP + 2’,3’-AMP is structurally similar to the DNA of cells 
obtained from the various treatments. The sequence of the 
bases in the accumulated DNA may be affected, so that a large 
portion is not utilized for cell division. 

The close association of RNA with the mitotic apparatus has 
been observed by a number of investigators (24-26); however, 
the relationship of RNA to DNA metabolism is not known. 
Differences occurring in RNA metabolism before DNA synthesis 
have also been observed (27-29) and Doudney and Haas (30) 
have evidence that differences in RNA composition increase the 
mutation rate of Escherichia colt, RNA or RNA precursors may 
be directly converted to DNA or DNA precursors (31-34) and 
since relatively large amounts of nucleotides are present in ac- 
tively dividing nuclei (25), “‘negative feedback” or precursor 
imbalance effects between RNA and DNA metabolism may con- 
trol cell division and DNA synthesis in this organism. 

The results of these studies show that in L. acidophilus, cell 
division can be inhibited without a parallel inhibition in DNA 
synthesis. This separation of DNA synthesis and cell division 
is perhaps due to the influence of ribonucleotides on the utiliza- 


Nucleic Acid Metabolism in L. acidophilus 


Vol. 235, No. 3 


tion of 5’-deoxyribonucleotides by L. acidophilus. Data obtained 
in these studies also suggest alternate pathways and different 
control mechanisms for 5’-deoxyribonucleotide and deoxy- 
ribonucleoside metabolism. Cohen and Lichtenstein (35) have 
obtained evidence for variations in the metabolic pathways for 
deoxyribonucleotide and deoxyribonucleoside metabolism in £. 
coli. Further studies of the interrelationship of RNA and DNA 
metabolism may well lead to a better understanding of the mech- 
anisms of cell differentiation, division and growth. 


SUMMARY 


In Lactobacillus acidophilus R-26, which has a specific require- 
ment for a deoxyribonucleoside residue, the growth-promoting 
activity of a 5’-deoxyribonucleotide was reversibly inhibited by 
a monoribonucleotide or a mixture of monoribonucleotides. Ri- 
bonucleotide inhibition of the growth-promoting activity of 5’- 
deoxyribonucleotides also occurred in the presence of the four 
common 5/’-deoxyribonucleotides, but was not observed in the 
presence of equimolar mixtures of the four common monoribo- 
nucleotides and four common 5/-deoxyribonucleotides. 

Cells grown on thymidylate plus adenylate showed an accumu- 
lation of deoxyribonucleoside active material in the acid-soluble 
fraction. With longer incubation times, these cells increased in 
cellular deoxyribonucleic acid without a corresponding increase 
in cell crop. The purine and pyrimidine base ratios of the ribo- 
nucleic acid of these cells had a higher adenine content than the 
control cells. 

No significant differences in deoxyribonucleic acid base ratios 
were observed between any of the cells and the ratios agree with 
the Watson-Crick theory for deoxyribonucleic acid. | 
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The carcinostatic action of the asymmetric triazine, 6-aza- 
uracil and its ribonucleoside, azauridine, on experimental tumors 
in mice (1, 2) has been ascribed to the formation in vivo of the 
5’-phosphate derivative of azauridine (3). This ribonucleotide 


causes inhibition of orotidylic decarboxylase, an enzyme which © 


catalyzes an essential reaction in the synthesis de novo of py- 
rimidines (3, 4). The present paper describes the chemical 
synthesis of azauridine and several phosphate derivatives, as 
well as the isolation from inhibited bacterial cultures of aza- 
uridine and its 5’-di- and triphosphates. Evidence concerning 
the inhibition of orotidylic acid decarboxylase by these com- 
pounds will be presented in a following paper. A preliminary 
report of this work has been given (5); a similar isolation of the 
ribonucleoside from the culture medium of Escherichia coli B 
has been reported (6). 


EXPERIMENTAL 


Materials and Methods 


6-Azauracil, prepared by a modification of the synthesis de- 
scribed by Chang and Ulbricht (7), was generously supplied by 
the Squibb Institute for Medical Research. Azauracil-2-C was 
prepared in this department by Dr. Chang (7). The 1-acetyl- 
2,3,5-tribenzoylribofuranose used in the chemical synthesis of 
azauridine was kindly supplied by the Lederle Laboratories. 
Azauridine used in the chemical phosphorylations was prepared 
by a modification (8) of the method of Sorm and Skoda (6). 
Streptococcus faecalis (ATCC 8043) was grown on a semisynthetic 
medium, as described in an earlier paper (9). 

Microbial growth was measured in a Klett-Summerson color- 
imeter with the use of a No. 66 filter. Samples for determina- 
tion of radioactivity were plated on stainless steel planchets 
and counted with a Packard gas flow counter. Gradient elu- 
tion, as described by Hurlbert et al. (10), was employed for ion 
exchange separations. The nucleotides in individual peaks were 
concentrated by adsorption on Darco 20-40 activated carbon 
and elution with 2.5% NH,OH in 50% aqueous ethanol or by 
readsorption at pH 8.5 on small Dowex 1-X4 (formate) columns 
which were subsequently eluted with 3 n formic acid; the eluant 
was removed by lyophilization or concentration below 30° under 
reduced pressure. Such fractions were further purified by paper 
chromatography in butanol-acetic acid-water (10:2:5) or 1 
M ammonium acetate (pH 4.5)-ethanol (65:35). Paper elec- 
trophoresis in 0.05 M tris(hydroxymethyl)aminomethane (pH 
8.0) or sodium acetate (pH 4.5) was also employed using 10 to 
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15 volts per cm for 3 hours. Inorganic and total phosphate 
were determined according to the procedure of Dryer et al. (11). 
Ribose was determined by the orcinol method (12). Sodium 
metaperiodate titration of aliquots of 5 to 20 umoles of the 
derivatives was performed in the manner described by Fox et 
al. (13). 

RESULTS 


Cellular Distribution—After a preliminary survey of micro- 
organisms, S. faecalis was chosen for the preparation and char- 
acterization of azauracil metabolites. A wide variety of growth 
conditions was tested to establish optimal conversion to azauri- 
dine nucleotides and minimal bacterial growth. Growth of a 
2% washed inoculum in medium (1 liter), supplemented with 
thymine and uracil (both at 5 x 10-4 m) and azauracil-2-C™ 
(2.5 10-3 m; 1 X 10° c.p.m. per ml), for 10 hours, gave up to 
15% conversion of the analogue to the ribonucleoside and ribo- 
nucleotides. The cells were collected by centrifugation, washed 
twice at 0° with a 0.9% solution of sodium chloride, and ex- 
tracted three times with a cold 5% solution of trichloroacetic 
acid. Lipids were removed by successive washes with 60% 
ethanol, 95% ethanol repeated twice, ethanol-ether (3:1), and 
ether. Ribonucleic acid was extracted as the 2’- and 3’-nucleo- 
tides by digestion of the defatted residue with 0.2 n KOH for 
17 hours at 37°; this was followed by precipitation of the protein- 
DNA complex by the addition of HClO, to pH 1 at 0°. The 
supernatant fluid was adjusted to pH 6 to 7, evaporated to 
dryness under reduced pressure, and the nucleotides extracted 
from the insoluble KC1O, with a minimal volume of water. The 
KOH digestion was repeated to assure complete extraction and 
finally deoxyribonucleic acid components were obtained by re- 
peated extraction with 5% trichloroacetic acid for 30 minutes. 
The distribution of the radioactivity in a number of cultures 
indicated no incorporation into the lipids, DNA, or protein res- 
idues. From 2 to 5% of the radioactivity within the cells was 
found in the RNA and the remainder was present as metab- 
olites of azauracil in the acid-soluble fraction. 

Isolation and Characterization of Azauridine—S. faecalis cells 
were grown in the presence of azauracil-2-C™, harvested, and 
washed with a cold 0.9% solution of sodium chloride. After 
repeated freezing and thawing to room temperature in distilled 
water, up to 95 per cent of the radioactivity could be recovered 
in the form of metabolites of azauracil. To facilitate recovery 
of the radioactive metabolites, 36 g of nonradioactive cells 
(grown in a mass culture of 40 liters) were harvested in a Shar- 
ples Super-centrifuge model T-1, and combined with cells from a 
1-liter culture grown in the presence of azauracil-2-C™ under 
identical conditions. The cells were suspended in water (500 
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ml), and the mixture was frozen to —5° and thawed to room 
temperature; this sequence was repeated. The residue was re- 
moved by centrifugation and the extract adjusted to pH 11 
with concentrated NH,OH and applied to a Dowex 1-X4 
(200 to 400 mesh formate), 2 x 30-cm column. Elution of the 
major metabolite was accomplished with formic acid (0.003 N; 
800 ml) and the radioactivity and absorption of the fractions at 
260 mu were measured. The major peak was further purified 
by chromatography on Whatman No. 3 paper developed with 
butanol-acetic acid-water (50:10:25), followed by elution from 
paper and lyophilization. In this way 58 mg of a metabolite 
were obtained which was homogeneous with respect to ultra- 
violet absorption and radioactivity in four paper chromato- 
graphic solvent systems (Table I). The metabolite gave a pos- 
itive Molisch reaction. The ultraviolet absorption spectra were 
typical of azauracil in acid and at pH 10 but the bathochromic 
shift found with azauracil in 0.2 n NaOH was not observed, a 
circumstance which suggests that one of the dissociable hydro- 
gens of the ring had been replaced (e.g. by a sugar) (Table II). 
Titration of the metabolite (1.12 mg) with an excess (9.8 umoles) 
of sodium metaperiodate, led to the consumption of 4.4 umoles 
of the latter within 120 minutes and no significant subsequent 
uptake during the ensuing 46 hours. Assuming the metabolite 
to be azauridine, this rapid uptake is consistent with the presence 
of one pair of cis-hydroxyl groups. This consumption of perio- 
date corresponds to 96% of the theoretical; under comparable 
conditions, uridine consumed 98% of the theoretical amount of 
periodate in 60 minutes. The spectrum of the product of the 
reaction with orcinol agreed with that of uridine and indicated 
a ratio of ribose to azauracil (calculated from ultraviolet ab- 
sorption) of 0.92:1. The stability of the glycosyl linkage was 


TABLE I 
Chromatographic properties of azauracil derivatives 

All chromatograms were developed in descending fashion with 
Whatman No. 1 paper. The composition of the solvent systems 
was as follows: 1, butanol-acetic acid-water (10:2:5) ; 2, isobutyric 
acid-ammonium hydroxide (0.5 N) (5:3); 3, ethyl acetate (satu- 
rated with 0.05 m phosphate buffer, pH. 5.0); 4, isopropanol-HCl 
(6.N) (17:8). 


Solvent system 
Compound 
1 2 3 4 
Azauracil 0.56 | 0.60 | 0.50 | 0.67 
Azauridine (synthetic) 0.38 | 0.51 | 0.06 | 0.67 
Azauridine (microbial) 0.37 | 0.51 | 0.06 | 0.66 
Azauridine-5’-P 0.11 | 0.29 |} 0.0 | 0.72 
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TABLE II 
Ultraviolet absorption characteristics of azauracil derivatives 
Amax 
Compound 
0.1 0.2 
Hcl | PH90 | 
my my mp 
Azauracil 258 251 286 
Azauridine (synthetic) 261 253 254 
Azauridine (microbial) 261 253 253 
Azauracil ‘‘N3-ribonucleoside’’ 261 261 299 
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Fig. 1. Ion exchange chromatogram of cold acid-soluble ex- 
tracts from cultures of S. faecalis which were inhibited by azaura- 
cil-2-C'. The trichlorvacetic acid extract from 15 g of cells har- 
vested from an 18 liter culture containing radioactive azauracil 
(4.5 mmoles, 2 X 107 ¢.p.m.) was adsorbed on a Dowex 1 column 
and eluted in gradient fashion with 1 N ammonium formate until 
Tube 75 at which point 2 N ammonium formate gradient was be- 
gun. The volume of each tube was approximately 12 ml and the 
radioactivity is indicated by the shaded area. 


comparable to that of uridine in that heating in 1 N HCl at 
100° for 30 minutes did not liberate any azauracil. Hydrolysis 
of this metabolite (8.5 mg) with a 70% solution of perchloric 
acid at 100° for 30 minutes liberated free azauracil (3.6 mg), 
as determined by paper chromatography of an aliquot of the 
hydrolysate, followed by elution and spectral measurements. 
This corresponds to 92% of that anticipated from azauridine. 
Elemental analysis of one of the preparations was performed. 


CsHuN 306 
Calculated: C 39.19, H 4.52 
Found: C 39.01, H 4.40 


Isolation of Azauracil Nucleotides—To prepare large amounts 
of azauracil nucleotides, S. faecalis was grown in 18 liters of the 
azauracil-containing medium described in the previous section. 
The cells were harvested by centrifugation and washed twice 
with a solution of sodium chloride (0.9%) at 0° (wet weight of 
cells, 15 g). The acid-soluble nucleotides were obtained by two 
extractions with 5% trichloroacetic acid (each of 60 ml) at 0° 
and the bulk of the trichloroacetic acid was removed by extrac- 
After adjusting the pH of the aqueous phase 
to 8.5 and diluting to 250 ml, the nucleotides were absorbed on 
a 2 X 30 cm column of Dowex 1-X4 (200 to 400 mesh formate 
form) and the column was washed with water (100 ml). Gradi- 
ent elution was performed with water (1 liter) in the mixing 
chamber, to which was added a solution of ammonium formate 
(1 m; pH 4.5; 1 liter); the flow rate was 1 ml per minute and 
fractions of 15 ml were collected. The radioactivity and ultra- 
violet absorption at 260 mu were determined on each fraction 
(Fig. 1). 

Analytical data for the major peaks which contained azauracil 
are presented in Table III. Peak A was shown to be identical 
with synthetic azauridine by paper chromatography and elec- 
trophoresis. 

After acid hydrolysis to liberate labile phosphate, Peaks B 
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TABLE III 
Composition of azauracil derivatives from S. faecalis 
Azauridine was determined spectrophometrically (E2.; = 6.1 X 
10%), ribose was determined by periodate titration, and acid-labile 
P was liberated by hydrolysis in 1 Nn HCl for 15 minutes at 100°. 
All values are expressed as moles per mole of azauridine. 


Component 
Peak 
Azauridine| Ribose | 
A 1 0.95 0 
B 1 1.02 1.87 0.91 
C 1 0.96 2.91 1.93 


and C (see Table III) yielded an azauridine monophosphate 
which was isolated by adsorption on charcoal and elution with 
ammoniacal ethanol. This monophosphate, which released 1 
mole of inorganic phosphate per mole of azauridine upon diges- 
tion with a 5’-nucleotidase preparation from bull semen, had 
the same inhibitory properties on orotidylic acid decarboxylase 
as that obtained from chemical synthesis or from mammalian 
systems. 

Synthesis of Azauridine—To confirm the structure of aza- 
uridine and to provide more for biological testing, a chemical 
synthesis of azauracil-8-ribofuranoside was undertaken. The 
method employed was a modification of that described by Fox 
et al. (13) for the synthesis of pyrimidine ribonucleosides. The 
mercury salt of azauracil was prepared by adding, with rapid 
stirring, mercuric chloride (2.73 g) dissolved in ethanol to a solu- 
tion, at 70°, of sodium hydroxide (40 ml; 0.5 N) containing 
azauracil (2.26 g). The fine crystalline precipitate formed was 
filtered and washed with hot water until the washings were free 
of chloride ion, and finally washed with ethanol and ether and 
dried at 50° under reduced pressure (yield, 4 g; theory, 4.26 g). 
This mercury derivative could be decomposed by dilute hydro- 
chloric acid to free azauracil with a ratio of 2 moles of azauracil 
to 1 mole of mercury. 

Two grams (0.004 mole) of 1-O-acety]-2 ,3 , 5-tribenzoyl-p-ribo- 
furanose was added to anhydrous ether (25 ml) previously sat- 
urated with anhydrous hydrochloric acid and allowed to remain 
at 4° for 6 days. The ether and hydrochloric acid were removed 
under reduced pressure and three portions (each of 15 ml) of 
dry benzene were added and removed under reduced pressure 
to leave a colorless syrup of 2,3,5-tribenzoyl-p-ribosyl chloride 
which was transferred in dry benzene to an azeotropically dried 
suspension of the mercury salt of azauracil (850 mg; 0.002 mole) 
in boiling toluene. The reaction was conducted under reflux 
and with vigorous stirring for 1 hour. The solution was cooled 
and the residue (220 mg) was removed by filtration and the 
supernatant fraction was treated with dry low boiling petroleum 
ether to give a brittle solid. This material was extracted with 
chloroform, leaving a residue of mercuric chloride, and the 
chloroform solution was extracted twice with a solution of po- 
tassium iodide (10%), and twice with water and dried over 
anhydrous sodium sulfate. This product could be fractionated 
on an activated alumina column with ethyl acetate-benzene 
mixtures as eluting agents to give three major peaks which 
could be debenzoylated separately. However, it was found 
most convenient to debenzoylate the entire reaction prod- 
uct by removing the chloroform under reduced pressure, dis- 


Azauracil Ribonucleosides and Ribonucleotides 


solving the syrupy residue in methanol (200 ml) saturated with 
NH; at 0° and allowing it to remain for 3 days at room temper. 
ature. The methanolic ammonia was removed and the regj. 
due dissolved in water (20 ml) and extracted three times with 
ether to remove benzamide and ethyl benzoate. The resulting 
aqueous solution was adjusted to pH 11 with ammonium hydrox. 
ide and passed through a column (2 X 6 cm) of Dowex 2 Xg 
(200 to 400 mesh, formate form) and the column washed with 
water until the washings were free of ultraviolet-absorbing ma- 
terial. This effluent and wash contained a compound in 50% 
yield which gave a typical reaction for ribose in the orcinol reac- 
tion, was resistant to hydrolysis in 1 N HCl for 15 minutes at 
100°, and contained one cis-glycol group per azauracil based on 
the recovered azauracil following perchloric acid hydrolysis, 
However, its spectral properties (Table II), and a pK, value of 
13, indicated that this derivative was not identical to the natu- 
rally formed ribonucleoside. Elution of the column with formic 
acid (0.003 N) removed a second ribonucleoside of azauracil. 
This fraction was concentrated to remove formic acid and lyo- 
philized to a hydroscopic solid. Although a crystalline product 
was not obtained, elementary analysis agreed well with that for 
azauridine. 


CsHiuiN 306 
Calculated: N 17.16 
Found: N 16.94 


The over-all yield from azauracil was 14%. As noted in Table 
II, the Rp values for the synthetic ribonucleoside are very close 
to those of the biosynthetic material. The spectrum was identi- 
cal to that of the naturally formed ribonucleoside, and periodate 
titrations and orcinol determinations gave identical results with 
both the natural and the synthetic products. The inhibitory 
properties of the biologically formed and correct synthetic ribo- 
nucleoside in both bacterial cultures (14) and mammalian tissue 
culture systems (15) were equal; however, the major synthetic 
product, to which the N*-ribonucleoside structure is tentatively 
ascribed on the basis of spectral properties (see ‘‘Discussion”’) 
was completely inactive in the biological systems tested. 

Attempts were made to increase the yield of the desired conden- 
sation product by preparing other mercury salts of azauracil. The 
product formed by reacting azauracil (1 mole) with base (4 moles) 
and mercuric chloride (2 moles), analyzed correctly for azauracil 
(HgOH)s, and when condensed as above gave a greater percent- 
age of the naturally occurring ribonucleoside of azauracil, but the 
over-all yield was reduced to 8% and most of the ribose was re- 
covered as 2,3,5-tribenzoyl-p-ribofuranose. 

Synthesis of Azauridine Phosphate Derivatives—The phospho- 
rylation mixture used by Hall and Khorana (16) for the prepara- 
tion of uridine diphosphates was employed under similar con- 
ditions for the preparation of azauridine phosphates. Finely 
powdered azauridine (1 g) was dissolved with stirring in the mix- 
ture (5 ml) of phosphoric acid and phosphorus pentoxide at 60° 
and maintained at this temperature. After 30 to 45 minutes an 
optimal conversion to the monophosphates had been achieved 
and the reaction was terminated by dissolving the syrup in water 
(50 ml). The solution was boiled for 15 minutes to decompose 
polyphosphates; inorganic phosphate was removed with lithium 
hydroxide, as previously described (16). The alkaline solution 
was then passed through a column (2 X 30 cm) of Dowex 1-X4 
(formate form) and subjected to gradient elution with a solution 
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of ammonium formate (at first 1 mM, and then 4m). The major 
peaks shown in Fig. 2 were analyzed as indicated in “Methods.” 
Peak A is unaltered azauridine and contained up to 10% aza- 
uracil formed by hydrolysis of the ribonucleoside during the 
reaction. Peak B contained 1 mole of P per mole of azauridine 
and consumed 1 mole of periodate, thereby localizing the phos- 
phate on the 5’-position. This material possessed identical inhib- 
jtory properties on orotidylic acid decarboxylase as did the 5’- 
phosphate formed by mild acid hydrolysis of the bacterial di- and 
triphosphates. Peak C contained 1 mole of P per mole of az- 
auridine, was unaffected by 5’-nucleotidase, did not consume 
periodate and is presumed to be the mixed 2’- and 3’-phosphate 
derivatives. Peaks D and E contained 2 moles of P per mole 
of azauridine, consumed no periodate, and liberated no inorganic 
P after hydrolysis for 7 minutes with 1 N HCl. This has been 
taken to indicate that these are the 2’,5’- and 3’, 5’-diphosphate 
derivatives of azauridine. Bull semen 5/-nucleotidase liberated 
1.0 mole of P from the 5’-monophosphate, but did not attack 
either of the diphosphates. In trial reactions, in which phos- 
phorylation was carried out during 2 to 3 hours at 60°, the per- 
centage yields of the diphosphates were considerably increased. 


DISCUSSION 


The isolation of the ribonucleoside of azauracil by freezing 
and thawing S. faecalis cells harvested from cultures inhibited 
by azauracil, illustrated the remarkable stability of this ribo- 
nucleoside to nucleosidase attack, a fact also observed in 
mammalian systems (4). In contrast to mammalian systems, 
however, S. faecalis and E. coli B effect a much more efficient 
conversion of azauracil to the ribonucleoside and thence to phos- 
phorylated derivatives. The relatively large amounts of the di- 
and triphosphates of azauridine found in acid-soluble extracts 
of S. faecalis and the insignificant amount of the monophosphate 
is in sharp distinction to the situation in mammalian cells in 
which only the monosphosphate has been found (3). A difference 
in the specificity of the bacterial and mammalian phosphokinases 
is suggested. This difference may be important since it has 
been shown that in addition to a primary blockade of pyrimidine 
synthesis de novo due to inhibition of orotidylic acid decarboxyl- 
ase in bacteria, inhibition in vitro of polynucleotide phospho- 
rylase by azauridine 5’-pyrophosphate (18) has been observed. 
The minor, but significant, incorporation of azauracil into RNA 
of bacteria and failure to detect incorporation into mammalian 
RNA may also be explained by this fact. Another biochemical 
difference is to be found in rather extensive (10 to 15%) catabolic 
conversion of azauracil to glyoxylic acid semicarbazone and other 
minor products by mice and by human subjects (17), reactions 
which could not be demonstrated in the bacteria studied. 

The absence of any major amount of orotic acid or orotidylic 
acid in the acid-soluble extract of S. faecalis cells is difficult to 
explain in view of the extensive accumulation of these compounds 
by inhibited cultures of E. coli B (8, 19) and of orotidine in 
tumors (3) and urine (20) of mice treated with azauridine. 
These compounds may accumulate in the medium, but the com- 
plexity of the latter would make analysis difficult. If this is 
not the case, there may be a more effective control of the pro- 
duction of pyrimidines de novo by S. faecalis or the mechanism 
of inhibition may be different. The latter would seem improb- 


able because inhibition of the growth of S. faecalis by azauracil 
is accompanied by a decreased capacity to utilize orotic acid 
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Fic. 2. Ion exchange chromatogram of products of the chemical 
phosphorylation of azauridine. The product of phosphorylation 
of 500 mg of azauridine was adsorbed on Dowex 1 resin and eluted 
with 1 N ammonium formate in gradient fashion; the tube volume 
was 12 ml. Residual inorganic phosphate was eluted in Tubes 43 
to 50. 


and either no effect or a stimulation in the utilization of uracil,! 
a result which parallels similar observations in mice (4). Fur- 
thermore, uracil prevents the inhibition of growth by azauracil 
by supplying product, whereas orotic acid is relatively ineffec- 
tive. These results, which are consistent with inhibition by 
azauridine-5’-P of orotidylic acid decarboxylase, fit the presently — 
proposed mechanism of action (4). Although the isolation of 
the ribonucleoside from S. faecalis is not as efficient as that 
described for its isolation from FE. coli B, the method does 
provide a source of di- and triphosphates of azauridine. 

The chemical synthesis described of the ribonucleoside of aza- 
uracil, although useful for characterization and for small scale 
production of the ribonucleoside, is unsuitable for large scale 
production of this material when compared with the yields ob- 
tained in the bacterial preparations (6, 8). Although the posi- 
tion of attachment of ribose to azauracil has not been rigorously 
proven, only two of the three hydrogens are available for glyco- 
sidic linkage. The possibility of substitution on the 2- or 4- 
positions as O-ribosyl derivatives is considered unlikely because 
of the acid stability of azauridine. The pK. values and the 
spectral data for the natural product and the minor synthetic 
product, when considered with similar data for uracil and uridine 
would indicate the ribose is attached to the 1-position on aza- 
uracil (the 2-position on the triazine ring). The major synthetic 

. product, referred to as the N*-ribonucleoside of azauracil is 
clearly the other isomer and has spectral and pK, values which 
correspond closely to those reported for the N*-ribonucleoside of 
azathymine (21). Most interesting, perhaps, is the complete 
biological inertness of the ‘‘N®-ribonucleoside,” which formed 
the major condensation product. The synthesis might be im- 
proved if a readily removable N* substituent were introduced 
prior to formation of the mercury salt and condensation with 
the ribose derivative. Phosphorylation of azauridine with syr- 
upy phosphoric acid in the presence of phosphorus pentoxide 
provided a simple method for the preparation of the 5’-phos- 
phate. That the yield of 2’- or 3’-monophosphates would be 
low was unexpected but this may have resulted from the hydrol- 
ysis of these esters after phosphorylation or a preferential attack 


1R. E. Handschumacher, unpublished results. 
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on the primary sugar hydroxyl and an increased susceptibility 
of the 5’-monophosphate to further phosphorylation in the 2’- 
or 3/-positions. Although bull semen 5’-nucleotidase released 1 
mole of P from the biologically or chemically prepared azauridine 
monophosphates, the enzyme did not liberate P from the 2’, 5’- 
and 3’,5’-diphosphates formed chemically. However, this is 
consistent with the previously shown inactivity of this enzyme 
toward the 2’,5’-diphosphate of adenosine or thymidine 3’, 5’- 
diphosphate. 


SUMMARY 


The isolation of 6-azauracil ribonucleoside and several phos- 
phorylated derivatives from azauracil-inhibited cultures of Strep- 
tococcus faecalis has been described, as well as the detection of 
small amounts of the analogue in ribonucleic acid. Methods are 
described for the chemical synthesis of the ribonucleoside, the 
5’-monophosphate and the 2’, 5’- and 3’ ,5’-diphosphates. 
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It was previously reported that bacteriophage T4 contains the 
polyamines putrescine, NH2(CH2)4NH2, and spermidine, NH:- 
(CH2)sNH(CH2)4NHa, in amounts sufficient to neutralize about 
half of the viral deoxyribonucleic acid (1). The putrescine and 
spermidine in the phage were found to be derived from the large 


‘ amount of these polyamines normally present in the host bac- 


terium, Escherichia coli B. It was also shown that these cations 
are the unidentified compounds in phage T2 reported by Hershey 
to be injected into the bacteria along with the viral DNA (2). 

In the present communication we have attempted to answer 
certain questions raised by these findings: 

1. Is the role of the polyamines in phage that of specific or 
nonspecific cations for neutralizing the negatively charged phos- 
phate groups in the DNA? 

2. Are the amounts and kinds of polyamines in the phage de- 
termined by the phage or by the bacterial pool of cations? 

3. Can stoichiometry between cations in the phage and the 
phosphate anions of the DNA be demonstrated? 

4, What is the distribution of polyamines in viruses? 

The cations of T4 phage have been examined and a balance has 
been obtained between total cations and total DNA anions. The 
normal cation content of T4 (putrescine++, spermidine++*, and 
Mg++) was changed markedly under certain conditions. When 
the host bacterium E. coli B was grown on minimal medium con- 
taining spermine, NH2(CH2)sNH(CH2)4NH(CH2)3sNHz, a poly- 
amine present in animal tissues (3, 4) but not generally present 
in bacteria (5), the putrescine and spermidine normally present 
in the E. coli were replaced by spermine and acetylated spermine 
(6). These abnormal polyamines were found as the main poly- 
amines in the T4 phage grown on these bacteria. 

The replacement of the normal polyamines suggested that the 
polyamines may be acting as nonspecific cations. Two types of 
evidence support this hypothesis. The lack of polyamines in 
various bacteriophages (T3, T5, P22) has been correlated with 
the permeability of these phages to cations; it seems as if the poly- 
amines were displaced by other cations during the purification of 
the phage. 

When Brenner’s (7) permeable (osmotic-shock resistant) mu- 
tant of T4 was washed with Mg++, a preparation of phage was 


obtained containing essenfially no polyamines; when the mutant 


phage was washed with spermidine and then with water, a 
balance was obtained between the DNA anions and the spermi- 
dine cations. The properties of preparations of T4 phage con- 
taining various cations have been examined. 


* Present address, Department of Medicine, Albert Einstein 
College of Medicine, The Bronx 61, New York. 


SL centrifuge. 


EXPERIMENTAL 


Materials and Methods 


Determination of Phage and Bacterial Titers—The techniques 
used for assaying the various phages were those described by 
Adams (8). The bacterial titer was assayed by determining the 
absorbancy of the culture at 650 my in a Beckman DU spectro- 
photometer. A standard curve of viable bacteria (as determined 
by plating) versus absorbancy was used in converting from ab- 
sorbancy to bacterial titer. 

Growth of Bacteria—Bacteria were grown in 1 liter of minimal 
medium in a 2-liter flask shaken at 37° on a rotary shaker (New 
Brunswick Company). The minimal medium used was the me- 
dium E of Vogel and Bonner (9) which was supplemented with 1 
ml per liter of trace element solution (10). After the medium 
was autoclaved sufficient sterile glucose to make a 0.5% solution 
was added. 

Preparation of T4 Phage—E. coli B was allowed to grow to a 
titer of about 8 x 10® bacteria per ml, at which time from 3 to 
5 T4 phages! per bacterium and 5 ug per ml of L-tryptophan were 
added. After about 7 hours of further aeration, several milli- 
liters of chloroform were added and the flask was stored in the 
cold room overnight. The final titer was usually about 5 x 10? 
phages per ml. The phage was purified as follows: A low 
speed centrifugation of 15 minutes at 4,000 x g removed most 
of the bacteria from the crude lysate. The supernatant solution 
was cleared of bacterial debris by passage through a No. 02 Selas 
filter candle (Selas Corporation of America) with 850 mu diame- 
ter pores, followed by passage through either a PH Millipore filter 
(Millipore Filter Corporation) with 300 my diameter pores, or an 
HA Millipore filter with 450 my diameter pores. The resulting 
filtrate was centrifuged at 20,000 x g for 2 hours in a Lourdes 
The phage pellet was taken up in “storage buf- 
fer’? which consisted of 0.01 m MgSO, and 0.02 m potassium 
3, 3-dimethylglutarate (Aldrich Chemical Company) buffer at pH 
7.0. The phage was further purified by successive low speed 
(4,000 xX g for 15 minutes) and high speed (25,000 x g for 1 
hour) centrifugations. The final pellet was completely trans- 
parent and was kept as a suspension in storage buffer. About 
50% of the phage, as measured by plaque count, was lost dur- 
ing the purification. 

Preparation of P-22 Phage—Salmonella typhimurium strain 
LT-2 was grown to a titer of 5 < 108 at which time 4 P-22 phages? 


1 The initial stock of T4 phage was obtained from Dr. 8. Benzer. 
2 The initial P-22 phage stock was obtained from Dr. P. E. 
Hartman. 
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TaBLeE I[ 
Cation content of T4 phage 
Phaget incubated in 
Cation* 
MgCl: CaCls 
meq/eq P 

Putrescine*t............ 250 290 
Spermidine***.......... 75 87 
Total meq per eq P... 815 863 


* An analysis of NH,* was not done on these samples, but from 
the 2,4-dinitrofluorobenzene analysis on several other samples it 
can be stated that the NH,* content of the phage is <100 mmoles 
per mole of P. The analyses for Mg** were done by a thiazole- 
yellow colorimetric procedure (13) in the National Institutes of 
Health clinical laboratories and we are indebted to Dr. Arthur 
Ness for these determinations. The Ca*t, Nat, and K* anal- 
yses were done using a flame photometer and we are indebted 
to Dr. E. Frame of the Clinical Laboratories for these determi- 
nations. 

t This particular sample of phage was obtained from somewhat 
older cells than usual; 1 liter of bacteria (10° per ml) was infected 
with 4 < 10'? phages and after 10 hours the culture, containing 
1.7 X 10"! phages per ml, was harvested. 


were added per bacterium. The culture was shaken for an addi- 
tional 5 hours and then several milliliters of chloroform were 
added and the flask was stored at 4° overnight. The phage 
was harvested and purified in a manner similar to that used for 
T4 phage. Since phage P-22 is about one-third the size of T4 it 
was necessary to spin at 35,000 x g for 2 to 3 hours in order to 
sediment the phage. The final pellet was kept as a suspension 
in storage buffer. 

Preparation of T2 Phage—The preparation and purification of 
the T2 phage* was similar to that described for phage T4. The 
bacteria were usually grown to a titer of about 1 X 10° per ml 
before phage (3 to 5 per bacterium) was added; the final yield 
was about 1.7 X 10" T2 per ml. Tryptophan, which is neces- 
sary for T4 adsorption, is not necessary for T2 and was omitted. 

Preparation of T3 Phage—The preparation of the T3 phage? 
was similar to T4 except that the growth medium was made 1 
mM with respect to CaCle. The purification of the phage was the 
same as that for P-22. 

Polyamine Determination—The purified phage preparations 
were treated with 0.3 n trichloracetic acid at 25° for 10 minutes, 
and the precipitate of protein and nucleic acid was sedimented by 
centrifugation and discarded. If the volume of the precipitate 
was appreciable as compared with that of the supernatant solu- 
tion, the precipitate was treated with a second portion of acid 
before being discarded. The total acid supernatant solution was 
shaken with ether to remove the trichloroacetic acid and then 
analyzed for polyamines by means of Dowex 50 and paper chro- 
matography, and by the 2,4-dinitrofluorobenzene and ninhydrin 
assays described elsewhere (6, 11). The polyamine determina- 
tions in bacteria were done in a similar way (6, 11). 

Phosphate Determination—The phage sample (0.01 to 0.05 ml) 


_* The T2 and T3 phage stocks were obtained from Dr. G. Strei- 
singer. 
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ina 13 X 100 mm Pyrex test tube was mixed with 0.05 ml of 10% 
Mg(NOs3)2-6H20 in ethanol; the mixture was evaporated to dry- 
ness over a strong flame with rapid shaking and further heated in 
the flame until the brown fumes had disappeared.‘ After the 
tube had cooled, 0.3 ml of 1 N HCl was added. The tube was 
capped with a marble and heated in a boiling water bath for 15 
minutes to hydrolyze to inorganic phosphate any pyrophosphate 
formed in the ashing procedure. The inorganic phosphate was 
then determined by a slight modification of the very sensitive 
procedure of Chen et al. (12); 0.7 ml of ascorbic-molybdate mix- 
ture was added to the tube and after 20 minutes at 45° the solu- 
tion (1 ml) was read at 820 my against a blank containing water 
instead of phage. The ascorbic-molybdate mixture, which was 
made up daily, contained 1 part of 10% ascorbic acid to 6 parts 
of 0.42% ammonium molybdate-4 H.O in 1 N H2SQ,. An ab- 
sorbancy of 0.240 was obtained from 0.01 umole of phosphate 
(about 10!° T4 phages). An inorganic phosphate value was ob- 
tained for each phage preparation, as well as a total phosphate, 
and the former (which was usually negligible) was subtracted 
from the total to give the organic phosphate content of the phage. 
The inorganic phosphate determination was done on the super- 
natant solution from a cold trichloroacetic acid treatment of the 
phage; the acid treatment precipitates the phage protein and 
nucleic acid. 


RESULTS 


Phage T4 of E. colt 


Cation Analysis—In order to determine what cations besides 
putrescine and spermidine could neutralize the anion phosphate 
in the phage DNA, a sample of purified T4 phage was analyzed 
for Mg++, Ca++, Na+, and K+ as well as for putrescine and sper- 
midine. The major cations in the growth medium were Kt 
(110 mm), Na+ (10 mm), NH,+ (10 mM), and Mgt+ (0.8 mm). 
Putrescine++ and spermidine+++ were the polyamines present in 
the host bacterium, EZ. coli B. Half (3 x 10%) of the purified 
T4 phage to be analyzed was incubated 15 hours at 4° in 0.02 m 
MgCl. (1 ml) and half in 0.02 m CaCl, (1 ml). Each sample 
was then dialyzed at 4° against three 2-liter portions of distilled 
water for a total of 7 hours. The samples were then assayed for 
viable phage, total phosphate and cations, and the optical den- 
sity at 260 mu was determined. The cation analysis is given in 
Table I. About 85% of the negatively charged phosphate groups 
of the DNA could be neutralized by the cations present in the 
virus. Table I shows that Mgt+, putrescine, and spermidine 
account for over 80% of the cations present in the phage. The 
phage sample incubated in Ca++ did not have a diminished Mg** 
content and contained only a relatively small amount of Catt, 
indicating that the phage is not freely permeable to divalent 
cations. External putrescine-C™ had previously been shown not 
to exchange with putrescine in the virus (1). 

Polyamine Content of Phage DNA Isolated by Phenol Method— 
In order to determine if the polyamines in phage stayed with the 
DNA during isolation, phage DNA was separated from phage 
protein by means of the phenol procedure. This method was 
developed for the isolation of RNA from tobacco mosaic virus 
by Schuster et al. (14), and consists of shaking the virus with the 
two-phase system phenol-water. It has been used on polio virus 
by Koch et al. (15). They found that all the viral protein dis- 


‘This method of ashing was suggested by Dr. R. Kielley. 


(] 


sc 
la 

is 

i 

0 

] 


March 1960 


solves in the phenol layer and the RNA remains in the aqueous 
layer. 

We have found that the phenol procedure is also effective in 
isolating from T2 bacteriophage a protein-free, highly polmer- 
ized DNA.® The effectiveness of this phenol procedure on phage 
contrasts with its ineffectiveness in extracting mammalian DNA 

16). 

; Reagent grade phenol was washed several times with water 
and distilled under reduced pressure. The phenol was stored 
under water at 4°. Diethyl ether was washed several times 
with water and stored over water at 4°. The T2 phage® used 
(1.5 X 10% T2 in 4 ml) was dialyzed against 0.02 m potassium 
dimethylglutarate buffer at pH 7 and diluted to 16 ml with dis- 
tilled water. The phage was then shaken with an equal volume 
of water-saturated phenol in a polyethylene centrifuge tube for 
30 seconds in the cold room. The tube was then centrifuged 
briefly to separate the layers. The DNA-containing aqueous 
layer was quite viscous at this point due to the presence of DNA. 
The phenol layer (lower) was sucked off with a syringe and the 
aqueous layer was extracted twice more with 16-m] portions of 
phenol. The viscous layer containing the DNA was extracted 
10 times with 25-ml portions of ether to remove traces of phenol. 
Helium was then bubbled through the DNA solution at 37° for 
15 minutes to remove the ether. The polyamines in the phage 
suspension used for DNA isolation contained 22.5 umoles of N 
(as determined by the dinitrofluorobenzene reaction). The DNA 
solution contained 20.8 uwmoles or 93% of the total polyamine 
content of the phage. Since the DNA interfered in the assay 
for polyamines, it was precipitated with 0.3 Nn trichloroacetic acid 
and the assay was performed on the supernatant solution. 

A control experiment was done by a similar partitioning of poly- 
amines (in amounts equivalent to that in the added phage) be- 
tween the potassium dimethylglutarate buffer and phenol. In 
the control, only 39% of the polyamine N was in the aqueous 
layer. 

Effect of Spermine on Polyamine Content of T4 and E. colt B— 
When E. coli B is grown in spermine-containing medium, the 
normal putrescine and spermidine in the bacteria are replaced 
by spermine, monoacetylspermine, and diacetylspermine (6). 
The phage was grown on these spermine-containing bacteria 
to see whether the polyamine content of the phage paralleled 
that of the bacteria. The lysis of the spermine-containing bac- 
teria by the phage was similar to that of normal bacteria (Fig. 1). 
An analysis of this phage as well as of the host bacteria is 
given in Table II. It can be seen that qualitatively the phage 
contains the polyamines present in the bacteria at the time 
of infection. 
DNA phosphate, however, remained fairly constant at about 
50% of the phosphate neutralized. 

Transfer of Polyamines from Host Bacteria to Phage—The ex- 
periments presented in Table II were examined from the point 
of view of efficiency of transfer from host to phage. Table III 
shows a comparison of the polyamine content of the bacteria at 
the time of infection with that of the phage in the total lysate. 
This comparison does not take into account any change in the 
polyamine content of the cells during the period from infection 


5 We are indebted to Dr. G. Koch for suggesting this method. 
Phage DNA prepared by this method was found to be of high 
molecular weight by ultracentrifuge studies (J. Johnson and D. 
Bradley, personal communication). 

6 We are indebted to Dr. W. Dreyer for one of the samples of 
purified T2 used in this experiment. 
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LYSIS OF E.COLI B BY Ta PHAGE IN THE 
PRESENCE OF SPERMINE 
! 


@FLASK I-SPERMINE MEDIUM, 

é PHAGE ADDED AT ARROW 
OFLASK 2-MINIMAL MEDIUM, 

| PHAGE ADDED AT ARROW... 


400 


300 


200 


MINUTES 


Fic. 1. Lysis of Escherichia coli by T4 phage in the presence of 
spermine. Two flasks of minimal medium, one supplemented 
with spermine (1 mM), were inoculated with EZ. coli B and grown 
as described under ‘‘Methods.’’ The absorbancy at 650 my was 
converted to titer of bacteria as described. At 110 minutes, 5 T4 
phages were added per bacterium along with an L-tryptophan 
supplement (5 wg per ml). Both the phage titer and 650 my ab- 
sorbancy were determined at intervals. As the phage kills the 
bacteria on adsorption, the bacterial titers after phage infection 
are a measure of turbidity rather than of viable cells. 


O 100 


to lysis. From the data on two successive bacterial aliquots in 
Table II it can be seen that any change would probably be in 
the direction of decreasing the putrescine and spermidine content 
of the cells and increasing the spermine and acetylated spermine. 
Table III shows that the transfer seems to be most efficient for 
spermine, spermidine, and putrescine and least efficient for di- 
acetylspermine, and that the bulk of the spermine, spermidine, 
and putrescine in the bacteria is transferred to phage. 
Properties of T4 Phage Containing Spermine—Various prop- 
erties of normal T4 phage and T4 phage that contains spermine 
have been compared. The absorbancy at 260 my and the phos- 
phate content per plaque-forming unit was the same for both 
types of phage (cf. Table II). The efficiency of plating of the two 
batches of phage was comparable on all strains of E. coli tested: 
E. coli B, BB, W 3104, K 12 (A) and K/6. The ultraviolet in- 
activation curves were also the same for both (Fig. 2). 


T2 Bacteriophage of E. coli 


A preparation of purified T2 phage was obtained as described 
under ‘‘Methods.”’ It contained 107 mmoles of putrescine and 
25 mmoles of spermidine per mole of P, 7.e. 29% of the DNA 
phosphate could be neutralized by polyamines. 


T3 Bacteriophage of E. coli 


A preparation of purified T3 phage obtained similarly contained 
<12 mmoles of putrescine and <7 mmoles of spermidine per 
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TaBLeE II TaBLeE III 
Effect of spermine on polyamine content of T4 and Escherichia coli B Transfer of polyamines from bacteria to phage 
| | spermine | acetyi- | Diacetyl 
t : Mono- _| Meq 
Meine | dine [SPermine| acetyl. host’ 0.50/ <0.1| 3.0] 1.9 | 6.3 
Phage yieldf 0.41 0.07 3.5 1.2 1.4 
Minimal mediumft Percentage of transfer| 80 >70 120 60 20 
E. coli B 11.7 1.6 soeiial 
T4 phage 170 47 481 * The polyamine content in wmoles of a liter of spermine-grown 
Spermine mediumt bacteria of 2 X 108 titer has been calculated from the data in Ta- 
E. coli B (a) 1.0; <0.2/ 5.9 3.8 | 12.5 ble II. 
(b) 0.2 | <0.05) 9.3 5.9 | 22.0 t The polyamine content in umoles of the phage from the sper- 
T4 phage (1) 26 1 72 27 21 466 mine-grown bacteria (Table II, phage analysis II) has been cal- 
(II) 10 1.7 | 87 30 35 533 ulated for the total number of phages present in the crude lysate 


* Bacterial polyamines are expressed as wmoles per g of wet 
weight and phage polyamines as mmoles per mole P. 

t The sample of bacteria was of exponentially growing cells. 
The purified T4 preparation had a 280 my to 260 mz ratio of 0.76, 
a 260 my absorbancy of 8.7 per cm for a suspension of 10! T4 per 
ml, and contained 1.0 umole organic phosphorus per 10!? phages.’ 

t Two parallel bacterial cultures were grown in minimal medium 
which was 1 mM in spermine. Aliquots of bacteria were taken 
from one culture at titers of 2 * 108 (a) and at 2 & 10° (b), washed 
in 0.9% sodium chloride solution and analyzed as described by 
Dubin and Rosenthal (6). (These are the same as cultures 2A 
and 2B of Table V of their paper.) Phage was added to the 
other culture at a bacterial titer of 2 & 108 and the phage (Analysis 
I) prepared as described under ‘‘Methods.’’ Phage analysis II 
is from a similar experiment. The phage (II) had a 280 mu to 260 
my ratio of 0.73, a 260 mz absorbancy of 8.8 per cm for a suspension 
of 10'2 phages per ml and contained 1.0 umole organic phosphorus 
per 10'? phages.’ 


mole of phosphate. No other substances which react with 2,4- 
dinitrofluorobenzene were detected. 


Phage P-22 of S. typhimurium 


The temperate phage, P-22, grown on Salmonella typhimurium 
LT-2 in minimal medium and prepared as described under 
“‘Methods,”’ was found to be free of polyamines (less than 1.5 
mmoles of polyamine N per mole of DNA phosphate). The 
purified phage had a 280 to 260 absorbancy ratio of 0.65, 
had an absorbancy of 2.40 per cm at 260 my for a suspension of 
10” phages per ml, and contained 0.51 umole of phosphate per 
10” phages. P-22 obtained from the host Salmonella grown in 
nutrient broth (which contains spermine) contained a trace of 
spermine (7 mmoles per mole of P) and of monoacetylspermine 
(9 mmoles per mole of P). 

When S. typhimurium was grown in spermine medium (1 mM), 
there was little or no inhibition of growth or loss in viability. 
The amine content of the bacteria was about the same as that 
of E. coli grown in spermine medium. No phage could be ob- 
tained from these bacteria, however, as long as spermine was 
present in the medium even though the P-22 adsorbed normally. 


7 The absorbancy of the phage suspension at 260 my per umole P 
is in agreement with the value of 8.4 reported for T4 (8). The 
values for the wmoles of P/10'? phages reported here are somewhat 
higher than the value of 0.75 reported for T4 (8). This discrep- 
ancy may represent some inactive phage in our preparations which 
are not being scored in the plaque assay method. Our values, 
however, have been constant for each strain of phage used and 
are not influenced by the polyamine content of the phage. 


and the polyamine content per phage in the purified preparation. 


UV INACTIVATION CURVES 
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SECONDS IRRADIATION 


Fic. 2. Ultraviolet inactivation of T4 phage and T4 phage con- 
taining spermine. Samples of T4 phage from the experiment 
presented in Table II were suspended in minimal medium and 
irradiated (8). Aliquots were taken at various times and assayed 
for viable phage. The assay manipulations were done in subdued 
light under conditions where no photoreactivation could take 
place. 


When the bacteria grown in the presence of spermine were 
infected with phage and then centrifuged and suspended in fresh 
medium without spermine, they lysed, producing a burst of P-22. 
‘These P-22 have been found to contain traces of spermine (5 
mmoles per mole of P) and of monoacetylspermine (5 mmoles 
per mole of P) similar to that found in the P-22 grown in nutrient 


broth. 


O; Mutant of T4 


After various phages were analyzed for polyamines, it became 
obvious that a correlation exists between the permeability of the 
phage to cations and the lack of polyamines. In order to test 
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whether the polyamines in some phages were displaced from the 
phage DNA by the Mg** in the washing buffer, the O; mutant 
of T4 isolated by Brenner*® (7), was examined for polyamines. 
This phage was isolated as an osmotic shock resistant mutant of 
T4, and shown to be permeable to various ions as contrasted 
with wild-type T4 (7). The O; mutant was grown and purified 
as described for T4.9 One aliquot of the purified phage was 
allowed to stand in storage buffer for 12 hours at 28°. This 
sample was then sedimented in a preparative ultracentrifuge 
and resuspended in storage buffer. The phage was washed by 
two more sedimentations and resuspensions and finally suspended 
in distilled water. This phage contained 4.7 moles of poly- 
amine N? per 100 moles of DNA phosphate and contained 1.4 
umoles of phosphate per 10 phages. The absorbancy of the 
phage suspension at 260 my was 9.5 per cm per 1.0 umole of P.’ 

A second aliquot of the O, mutant was incubated in 0.01 m 
spermidine -3 HCl (neutralized to pH 6.5 with NaOH) for 12 
hours at 28° and then freed of unbound spermidine by. three 
successive sedimentations and resuspensions in distilled water. 
This phage contained 89 moles of spermidine N!° per 100 moles 
of DNA phosphate and contained 1.4 wmoles of P per 10” phages. 
The absorbancy of the phage suspension at 260 my was 9.5 per 
em per 1.0 umole of 


Tobacco Mosaic Virus 


A sample of 10 mg of tobacco mosaic virus!" was analyzed for 
polyamines. The virus contained <4 mmoles of polyamine N 
per mole of phosphate, 7.e. less than 0.4% of the RNA phosphate 
could be neutralized by polyamines. 


Cucumber Virus 


A sample of 10 mg of cucumber virus" was analyzed for poly- 
amines. The virus contained <10 mmoles of polyamine N per 
mole of phosphate, 7.e. less than 1% of the RNA phosphate could 
be neutralized by polyamines. 


Tomato Bushy Stunt Virus 


A sample of 87 mg of bushy stunt virus!! was analyzed for 
polyamines. The virus contained 3.4 mmoles putrescine N, 13.2 
mmoles spermidine N, and 2.2 mmoles spermine N per mole of 
phosphate. Traces of amino acids totaled about 8 mmoles of N 
per mole of phosphate. The putrescine and spermidine were 
identified by column and paper chromatography (4, 6, 11) while 


the spermine was identified only by a single Rp value on paper . 


and is therefore not firmly established. The total polyamines, 
however, account for less than 2% of the RNA phosphate neu- 
tralization and may represent a small impurity in the virus prep- 
aration. Spermidine appears to be the mes 3 polyamine in to- 
mato leaves.” 


8 We wish to thank Dr. S. Brenner for a stock of this mutant, 
and Dr. G. Streisinger for suggesting its use in this experiment. 

9 In this experiment the minimal medium used for the growth of 
E. coli B contained a supplement of 1.5% Casamino acids and 
2.5% glycerol as a source of carbon. 3 

10 The polyamine N was all spermidine as determined by 350 
mu to 390 my ratio (11), and by paper chromatography (6). 

1! We are indebted to Dr. C. A. Knight for a generous sample of 
this virus. 

125. M. Rosenthal and C. W. Tabor, unpublished observations. 
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Polvo Virus 
A sample of 1.2 mg of pure polio virus (17)" was analyzed for 
polyamines. Less than 20 mmoles of polyamine N were found 
per mole of RNA phosphate assuming the virus was 22% RNA. 
This amount of polyamine is only sufficient to neutralize 2% of 
the phosphate and is probably not significant. 


DISCUSSION 


There are several pieces of evidence supporting the idea that 
the polyamines in T2 and T4 phages function as cations in the 
neutralization of the negative charges of the phosphate groups 
of phage DNA. 

1. The polyamines appear to be surrounded by the protein 
of the phage; 7.e. they are inside the phage head with the DNA. 
It has been established that the putrescine of the phage will not 
exchange with putrescine-C" added externally, and that the poly- 
amines of the phage are not displaced when the phage are incu- 
bated in Mg++ or Ca++. Hershey (2) has shown that when the 
phage head was broken open by osmotic shock the “A” com- 
pounds (the polyamines) were not associated with the protein 
coat (7.e. they were not sedimentable). The ‘A’? compounds 
were dialyzable when osmotically shocked phage were dialyzed 
against buffer, as contrasted to their nondialyzability in un- 
shocked phage (2). The polyamines were also easily extractable 
in cold acid. It thus appears that nonexchangeability and non- 
dialyzability of the polyamines of the phage is due to their loca- 
tion inside the protein coat rather than due to some sort of cova- 
lent linkage of the polyamine with the phage. 

2. The polyamines appear to be associated with the DNA 
rather than the protein of the phage. Hershey (2) has shown 
that, during phage infection, the “‘A’”’ substances were injected 
into the bacterium with the DNA, while over 95% of the protein 
remained outside. A small amount of basic internal protein 
does seem to be associated with the DNA (2, 18), but this pro- 
tein can account for the neutralization of less than 5% of the 
DNA. The remainder of the protein of the phage seems to be 
essentially neutral (8). The protein, polyamines, and nucleic 
acid account for all the carbon of the phage (2,8). In the phenol 
extraction the polyamines remained with the DNA despite a 
large excess of K+ ions, indicating that their affinity for DNA is 
considerably greater than that of K*. 

3. The polyamines have a high affinity for nucleic acid as 
compared to protein. Various workers have made qualitative 
observations on the affinity of the polyamines for nucleic acid! 
(19, 20). Quantitative observations on polyamine-nucleic acid 
binding have recently been made by Razin and Rozansky (21) 
and by Felsenfeld and Huang (22). The latter workers, in a 
detailed study, showed that putrescine interacts strongly with 
nucleic acid as contrasted to the weak interaction of monovalent 
ions. Spermine is even more tightly bound than putrescine and 
resembles polylysine in its behavior; spermine was found to dis- 
place Ba++ stoichiometrically from polyuridylic acid, precipitat- 
ing a spermine-polyuridylic acid complex. Felsenfeld and Huang 
come to the conclusion from their binding studies that “in a 
physiological situation ... which involves high polyamine con- 
centrations it is likely that nucleic acids will carry significant 
amounts of polyamines.”’ 

4. The data presented show a balance in the phage between 
the negative charges of the DNA and the positive charges of the 


13 We are indebted to Drs. L. Levintow and J. E. Darnell for 
this preparation. 


mine 
3 
.4 
own 
Ta- 
per- 
cal- 
ate 
ion, 
| 
nt 
d 
ed 
e 
re 
sh 
2. 
| 
: 
t | 
e 
e 
| 


774 Polyamines in Bacteriophage 


cations. Titration curves of the polyamines indicate that all 
the amino groups are protonated at pH 7." 

The experiments with spermine-containing bacteria show that 
qualitatively the polyamine content of the phage is not deter- 
mined by the phage but by the polyamine content of the bac- 
teria. The precise amounts of each cation in the phage may be 
determined, however, by the affinity of the particular cation for 
the phage DNA and the amount of the cation in the bacterial 
pool at the time of phage assembly. The results of the transfer 
experiments and Mgt* assays are consistent with this hypothe- 
sis. It would be expected (22) that the relative binding affinities 
of cations for phage DNA would be: spermine++++ > spermi- 
dine+*+*+ > putrescine++, Mg++ > NH,+, K+, Na+. The acetyl 
spermines which are divalent or trivalent presumably would 
have an affinity similar to putrescine or spermidine, although the 
presence of secondary rather than primary amino groups might 
change this somewhat. The main cations in the bacteria at the 
time of phage assembly are presumably spermidinet++, putres- 
cine++, Mg++, NH,*+, and K*. 

During the course of this work, it seemed puzzling that phages 
T3 and P-22 which are assembled in essentially the same poly- 
amine environment as T2 and T4 (based on the bacterial poly- 
amine content) should not contain polyamines. One explanation 
for this is that these phages are more permeable than T2 or T4 
and that there is a displacement of the polyamines in the phage 
by Mg++ during the purification and washing of the phage. 
Support for this hypothesis is found in the observations that 
T3 and P-22 are quite permeable while T2 and T4 are not; T3 
and P-22, unlike T2 and T4, are both resistant to osmotic shock 
with MgCl. or NaCl'® (23). Furthermore, dye-binding studies 
also show that T3 is readily permeable to dyes while T2 and 
T4 are not (24). T4-O,, a permeable mutant of T4, was found 
to have only a trace of polyamine left after washing it in the 
Mg++ buffer used in the purification. 

Though T4 phage contains polyamines which serve to neu- 
tralize about one-third to one-half of the DNA phosphate, it was 
not clear at first whether these substances were acting in a role 
other than as cations. The evidence that T4 phage containing 
spermine, and acetylated spermines and T4 phage containing 
putrescine and spermidine are biologically indistinguishable 
seemed to indicate that polyamines act only as nonspecific poly- 
valent cations. Further support of this hypothesis was obtained 
by displacing all the DNA neutralizing cations in T4-O, with 
Mg*+ on the one hand or with spermidine on the other with no 
loss in infectivity. 

The cations in phage may have to be polyvalent, however, in 
order to stabilize the nucleic acid if only a stoichiometric amount 
is present (cf. Felsenfeld and Huang, (22)). Various stability 
studies on T5 phage, which is also quite permeable to metal ions 
(23), and which lacks polyamines'* when purified by standard 
techniques, indicated that small amounts of a divalent cation 
(Mg++ or Ca++), or large amounts of a monovalent cation are 
necessary for the stability of stored phages (25). Studies on the 
transforming ability of urea-shocked T2 phage (26) indicated 
that any of several polyamines can stabilize activity. 

The cation differences between permeable and nonpermeable 
phages may explain some recent observations on phage density. 

Felsenfeld, personal communication. 


15 N. Zinder, personal communication. 
16 L. V. Crawford, personal communication. 
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On centrifuging in a CsCl] density gradient (27, 28), phages T2” 
and T4"” give diffuse peaks indicating phage populations hetero- 
geneous with respect to density, while phages A (28), T3", €15%*, 
and ¢X174!* give much sharper peaks indicating more nearly 
homogeneous populations. The sharpness of the peak in a den- 
sity gradient seems to be correlated with permeability; the heter- 
ogeneous phages are shockable with salt and the homogeneous 
phages are not. If the cations in the bacteria change during the 
period of phage assembly, then this might explain the hetero- 
geneous density of the nonpermeable phages. The polyamines 
presumably are taken up preferentially by the phage assembled 
early (1) (Table III) whereas the later phage probably contains 
more Mg*+, which is in excess in the medium. The permeable 
phages on the other hand, would equilibrate whatever cations 
they contained initially with the 6 m CsCl and thereby give 
homogeneous peaks. This explanation of the CsCl banding ex- 
periments was in part suggested by the experiments of Pratt and 
Stent?° who have reached a similar conclusion as to the cause of 
the density heterogeneity in T4. They have found that incu- 
bating T4 in 6 m CsCl at 45° (a temperature which would in- 
crease permeability) (23), results in a population of phage with 
reduced density heterogeneity.”° Their results lend further sup- 
port to the idea that a variety of cations can serve as neutraliz- 
ing agents for the phage DNA. 


SUMMARY 


The cations putrescine+*, spermidine+++, and Mg++ neutralize 
the deoxyribonucleic acid of the T4 bacteriophage obtained from 
Escherichia coli grown in minimal medium. Their relative 
amounts are a function of both the composition of the pool of 
cations in the host bacterium at the time of phage synthesis, 
and the affinity of each species of cation for the phage nucleic 
acid. Viable T4 phage have been obtained with various cations 
as the deoxyribonucleic acid-neutralizing agent; the role of the 
polyamines in phage seems to be that of a nonspecific cation for 
deoxyribonucleic acid neutralization and stabilization. 

The absence of polyamines in certain E. coli and Salmonella 
typhimurium phages is correlated with their permeability to cat- 
ions; it seems that the polyamines are displaced by other cations 
during purification of the phage. Polyamines are not present 
in tobacco mosaic virus, cucumber virus, tomato bushy stunt 
virus, or polio virus. 
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The polyamines putrescine (NH2(CH:)4NH2), spermidine 
and spermine (NH2(CH:)3NH- 
(CH2)4NH(CHe2)sNH:2) are widely distributed in nature. Fungi 
and animal tissues contain mainly spermidine and spermine (1- 
6), whereas bacteria, especially gram-negative bacteria, contain 
mainly putrescine and spermidine (5-7); the amines have also 
been found in many plants! (8) and in bacterial viruses (9, 10). 
They have been shown to be active in a number of biological 
systems. They are growth factors for a fungus (11) and several 
bacteria (8, 12-14). Spermidine and spermine can antagonize 
bacteriostasis due to atabrine or quinine (15), and to propamidine 
(16). They or their degradation products are also toxic towards 
certain microorganisms (17-21) and can cause acute renal tubular 
necrosis in animals (21, 22). There is evidence that their action 
may in part be related to nucleic acid metabolism: they have a 
high affinity for nucleic acid in vitro! (23, 24); they are reported 
to be bound to nucleic acid in Hemophilus parainfluenza (25), 
and spermine inhibits nuclease activity in this organism or in 
vitro (25, 26); they are transferred with the deoxyribonucleic 
acid during infection of Escherichia coli by bacteriophage T: 
(9, 27); and they can protect shocked T, from inactivation (28). 

Recent work from this laboratory by Tabor et al. (5, 29) on 
the biosynthesis of the polyamines has demonstrated the incor- 
poration of putrescine into spermidine and spermine in several 
microorganisms, and in rat prostate; also, the formation of 
spermidine from putrescine and methionine has been described 
in detail with use of purified enzyme systems from E. coli (5). 

A number of studies have been reported bearing on the catabo- 
lism of these compounds. Putrescine can be oxidized by E. coli 
(30), a number of other bacteria (15, 31, 32), and by purified 
diamine oxidase (33). Spermidine and spermine are also de- 
graded by a variety of bacteria (6, 15, 31, 32, 34), by animal 
tissues in vivo (4) and in vitro (35), and by the purified plasma 
amine oxidase (36). However, it has not been possible to demon- 
strate degradation of spermidine or spermine by many other 
bacteria, including E. colt, either in studies of oxygen uptake (15, 
31) or in experiments with C'-labeled polyamines.!_ This report 
will present the results of investigations into nondegradative 
transformations of the amines in £. colt. N-Acetylation has 
been found to occur, and to be a major pathway under certain 
conditions; five new naturally occurring N-acetyl derivatives 
have been isolated: monoacetylputrescine (CH;CONH(CH2).4- 
NH.) ;? two isomeric forms of monoacetylspermidine, monoacety]- 


* Present address, Department of Medicine, Albert Einstein 
College of Medicine, New York 61, New York. 

1$. M. Rosenthal and C. W. Tabor, unpublished data. 

2 This compound appears to be identical to a previously un- 
identified putrescine conjugate excreted by Micrococcus aureus, 


spermidine “A” (CH;CONH(CH:)4NH(CH2)sNH:2) and “B” 
(NH2(CH2)4NH(CH2)sNHCOCHs); monoacetylspermine (CH;- 
CONH(CH2)3NH(CH:2)4NH (CH2z)sNH2); and diacetylspermine 
The ef- 
fects of pH and of added spermidine and spermine on acetyl- 
ation, and on the intracellular amine pattern in general, will be 
described. 


EXPERIMENTAL 


Chemicals—The nonradioactive putrescine was purchased from 
Eastman Kodak Company as the hydrochloride salt. The non- 
radioactive spermidine and spermine were purchased from Hoff- 
mann-LaRoche, Inc., as the phosphate and hydrochloride salts, 
respectively; these were dissolved in water (25 and 100 umoles 
per ml, respectively) and neutralized with NaOH before addition 
to culture media. Spermine as the free base was purchased 
from L. Light and Company, Colnbrook, Bucks, England. 
Putrescine-1 ,4-C'* was kindly supplied by Dr. H. Tabor (5). 
Spermidine-C'™ was prepared 
by a modification® of a published method (37). Monoacetyl- 
putrescine and monoacetylspermidine A were prepared by Dr. 
EK. L. Jackson (37). Acetokinase was the gift of Mr. W. Pricer. 

Mono- and diacetylspermine were prepared in collaboration 
with Dr. H. Bauer:‘ 1 g of spermine, as the free base, (5 mmoles) 
was dissolved in 30 ml of CHCl; 0.3 ml of acetic anhydride (3 
mmoles) in 20 ml of CHCl; was added dropwise at 0°. On stand- 
ing at room temperature overnight, an oil separated which on 
further standing in a desiccator yielded an apparently crystalline 
material; this was primarily unchanged spermine. The CHCl; 
solution yielded an oily residue on evaporation; this contained 
0.64 mmole of diacetylspermine, 0.54 mmole of monoacetyl- 
spermine, and 0.35 mmole of spermine, as determined by serial 
preparative chromatography on Dowex 50-H+, Amberlite XE- 
64-K+, and Dowex 50-H+ (5). The compounds were freed of 
colored impurities from the columns by precipitation with acetone 
from concentrated aqueous solutions. The samples of purified 
mono- and diacetylspermine gave elementary analyses in agree- 
ment with the tri- and dihydrochlorides of the compounds as 
written above.> The location of the acetyl groups on the primary 


ATCC 152, grown in the presence of putrescine (S. M. Rosenthal 
and C. W. Tabor, unpublished data). 

3K. L. Jackson and 8. M. Rosenthal, unpublished method. 

‘ Initially, a preparation previously prepared by Dr. H. Bauer 
by more exhaustive acetylation of spermine was used as a standard 
for diacetylspermine; this preparation contained about 8 moles 
% (each) of spermine and monoacetylspermine. 

5 The diacetylspermine initially gave an analysis of 2.7 moles 
of HCl per mole of base; after two additional acetone precipita- 
tions and more extensive desiccation, however, the value de- 
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amino groups is supported by the spectra of the DNP® deriva- 
tives of the compounds’ and by their ninhydrin reactivity: the 
diacetylspermine did not react with ninhydrin, and the mono- 
acetylspermine gave an extinction about half that of spermine. 

Monoacetylspermidine B was prepared as follows: 1 g of 
spermidine phosphate (2.9 mmoles) was dissolved in 0.5 ml of 
water, with heating; 4 ml of 10 N NaOH were added, when about 
0.5 ml of an oily material separated (presumably the free base) ; 
this was removed, and to it were added 1.5 mmoles of acetic 
anhydride at room temperature. Acetylspermidine B was puri- 
fied from the reaction mixture by chromatography on Dowex 
50-H+ and subsequent acetone precipitation; the yield was 0.20 
mmole. The product had a DNP spectrum’ identical to that of 
monoacetylspermidine A, and yielded the expected amounts 
of spermidine and acetate after hydrolysis. 

C'4 Determinations—Counting was performed in a Nuclear- 
Chicago gas flow counter at infinite thinness. Corrections for 
self absorption when counting growth medium were estimated 
by adding known amounts of radioactivity to nonradioactive 
medium. 

Growth and Harvesting of Cells—Except as indicated, E. colt 
B was grown at 37°, with shaking, in an ammonia-salts medium 
(39) supplemented with trace metals (40) and 0.5% glucose 
(“minimal medium’’), and, in certain experiments, amines or 
NaOH; 600 to 1200 ml of medium in 1- or 2-liter flasks were 
used for each culture. Inocula were generally grown in minimal 
medium and added while growing exponentially. Growth rates 
were followed turbidimetrically; absorbancies at 650 my were 
converted to cell titers by referring to a standard curve obtained 
by plating aliquots of cultures of known absorbancy. The cells 
were harvested by centrifugation while in the exponential phase 
of growth. They were then washed with about 50 volumes of 
0.9% NaCl at 0°, and their wet weight determined after centrifu- 
gation and draining. With such treatment 8 X 10" bacteria 
yielded about 1 g wet weight. 

Preparation of Extracts—The washed cells were treated twice 
with 2 volumes of 0.3 N trichloroacetic acid at room temperature 
for 10 minutes. Completeness of extraction was tested in two 


creased to 2.0. The diacetylspermine contained about 2% of 


monoacetylspermine, and the monoacetylspermine about 2% of 
spermine, as determined by paper chromatography. The elemen- 
tary analyses were performed by the microanalytical laboratory 
of this institute under the direction of Dr. W. C. Alford. 

6 The abbreviations used are: DNP, dinitrophenyl; DFB, 2,4- 
dinitrofluorobenzene. 

7It has been shown (38) that DNP derivatives of primary 
amines, when dissolved in dioxane, have absorption spectra with 
maxima at about 355 my, whereas the corresponding maxima for 
secondary amines,are at about 380 my. A convenient parameter 
for differentiating a primary from a secondary amine was found 
to be the ratio of the absorbancy at 350 my to that at 390 mu of 
the DNP derivative of the compound (the ‘350:390 ratio’’). 
Spermidine and spermine (containing primary and secondary 
amino groups) yielded spectra and 350:390 ratios which were 
intermediate between those of primary and secondary amines. 
Since acetylated amino groups do not form DNP derivatives, the 
spectra of the DNP derivatives of incompletely acetylated poly- 
amines, and their 350:390 ratios, are shifted towards those of 
secondary amines. Each of the acetylated polyamines described 
did in fact yield DNP spectra (and thus 350:390 ratios) consistent 
with acetylation of primary, rather than secondary, amino groups. 

§ Cells containing radioactivity from spermidine-C'* lost less 
than 1% of their total counts to the salt solution during the wash- 
ing procedure. Centrifugations were performed at 2°, at 6000 X 
g for 10 minutes. 
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ways: a third treatment at room temperature in several experi- 
ments extracted only 3 to 5% of additional material which re- 
acted with 2,4-dinitrofluorobenzene; and a third treatment at 
100° for 10 minutes extracted only 2% of additional counts from 
cells grown in the presence of spermidine-C™. The first treat- 
ment generally exiracted 2 to 3 times more material which re- 
acted with DFB than did the second. The bulk of the trichloro- 
acetic acid was removed by shaking the solution twice with 
several volumes of ether, and neutralization was completed by 
the addition of NaOH. 

Estimation of Amines—The amines were separated and assayed 
by a combination of column and paper chromatography. The 
neutralized extracts were initially chromatographed in the Dowex 
50-H* system (“‘B’’) previously described (5). Elution volumes 
for pertinent compounds are listed in Table I. 

Each fraction was then assayed with DFB (38); typical elu- 
tion patterns are shown in Fig. 1. For compounds insufficiently 
separated in this system, aliquots of the pertinent fractions were 
chromatographed in Paper System I (Table I), and the relative 
amounts of each compound estimated by a modification® of the 
ninhydrin method of Kay et al. (42). (Diacetylspermine, being 
ninhydrin negative, was determined by subtracting the contribu- 
tion of the spermidine to the absorbancy after reaction with 
DFB, from the total absorbancy.) The relative amounts of 
acetylated and nonacetylated amines in overlapping peaks were 
also estimated by means of the 350:390 ratios of the DNP deriva- 
tives;’? these results agreed with those from paper chroma- 
tography. 

Hydrolysis—Hydrolysis was performed in 6 n HCl in sealed 
tubes at 120° for 8 to 12 hours. These conditions sufficed for 
complete hydrolysis of acetylamine standards without significant 
loss of amines or of acetate. 

Acetate Assay—Acetate was assayed in neutralized hydroly- 
sates by a micromodification of the acetokinase method of Rose 
et al. (43): 20 ul of hydrolysate containing 0.05 to 0.50 umole of 
acetate were transferred to a separate tube and brought to 
approximate neutrality by the addition of 20 wl of 6 Nn NaOH. 
To this were added 10 ul of neutralized 49% hydroxylamine- 
HCl; 10 ul of 0.1 m ATP; 20 wl of 0.6 m MgCl.-1.5 M tris(hydroxy- 
methyl)aminomethane—HCl buffer, pH 7.4; and 20 ul of purified 
acetokinase, 60 units per ml. Potassium acetate standards, 0.1, 
0.2, and 0.5 umole in 50 wl of 6 N NaCl, were treated in the same 
manner as the neutralized hydrolysates. After incubation for 
23 hours at 37°, 0.1 ml of 10% trichloroacetic acid and 0.2 ml of 
25% FeCls were added. The tubes were then centrifuged and 
the absorbancies at 500 my determined in a Beckman DU 
spectrophotometer equipped with a microadapter; 0.1 umole of 
acetate gave an absorbancy of about 0.1. 


RESULTS 


1. Identification of Acetylated Amines. Chromatographic Com- 
parison with Standards—Each of the acetylated derivatives ob- 
tained from the bacterial cells traveled with the corresponding 
standard in the chromatographic systems listed in Table I. 

Hydrolysis—Upon hydrolysis, each of the compounds yielded 
the parent amine and the appropriate amounts of acetate (Table 
II). No new ninhydrin-reacting spots except those correspond- 
ing to the parent amine were noted on chromatographing the 


® The paper was dipped into a solution of 0.4% ninhydrin and 
1.5% 2,4,6-trimethylpyridine in absolute ethanol, instead of being 
sprayed. 
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TABLE I 
Chromatography of amines and acetylated amines 


Elution volumes were determined with the DFB reaction; Rr values were determined by staining the chromatogram with ninhydrin, 


or (in the case of diacetylspermine) with DFB. 


Elution volumes (ml) or Rp values 
System : 
Ion exchange 
Dowex 50-H** 55-75 90-120 150-180 120-150 160-210 220-260 160-210 240-290 
Amberlite X E-64Ktf 30—40 80-110 60-75 55-70 130-160 110-140 30-50 220-250 
Papert 
I 0.67 0.41 0.54 0.53 0.31 0.39 0.66 0.24 
II 0.79 0.45 0.65 0.65 0.33 0.53 0.78 0.23 
III 0.50 0.15 0.73 0.33 0.28 0.50 0.43 0.48 


* Method B in (5). 
7 Method A in (5). 


t I: n-butanol-acetic acid-pyridine-H.2O, 4:1:1:2, Schleicher and Schuell No. 598, 8 hours (S. Friedman, personal communication); 
II: n-propanol-concentrated HCIl-H,O 3:1:1, Schleicher and Schuell No. 598, 8 hours (modified from (27)); III: n-propanol-triethyl- 
amine-H,O, 85:3:15, Schleicher and Schuell No. 507, 15 hours (modified from (41)). All chromatograms were ascending, and run a 


distance of 20 cm. 


° 


Oh @N O 


ABSORBANCY AT 370 m& 


5 10 15 20 25 


FRACTIONS (9 ml. ALIQUOTS) 


Fic. 1. Dowex 50-H* elution patterns for putrescine, mono- 
acetylputrescine, spermidine, and monoacetylspermidines A and 
B. The abbreviations used are: Put, putrescine; AcPut, mono- 
acetylputrescine; Spd, spermidine; and AcSpd, monoacetyl- 
spermidine. Pattern I refers to an extract of 1.5 g of cells grown 
in the presence of 5 X 10-4 Mm spermidine; Pattern II to an extract 
of 1.5 g of cells grown in minimal medium (these correspond to 
Cultures 1 and 20f Table IV). The 370 mug absorbancy of the DFB 
reaction products (corrected to aliquots of 0.3 ml) is plotted 
against fraction number. The shaded areas represent the acetyl- 
ated amines as estimated by separate paper chromatography of 
each fraction. The first peak (not labeled) contains a mixture of 
inorganic salt, nonbasic amino acids, and NH,Cl. The putrescine 
area in these experiments contained 2 to 4% of lysine and oxidized 
glutathione. 


TaBLeE II 
Products of hydrolysis of acetylated amines recovered from E. coli B 


Hydrolysis conditions were as described under ‘‘Experimental.’’ 

Amine assays were performed by paper chromatography in 
System I, and acetate assays by the acetokinase method, also de- 
scribed under ‘‘Experimental.’’ Figures are corrected to the vol- 
ume used for the acetate assay. 


Acetyl- Acetyl- Acetyl- Mono- | pj 
utre- | spermi- | spermi- | acetyl- lacetyl- 
‘aia ine A ine B | spermine | SPe™mne 
Acetylamine con- | 0.075 | 0.084 | 0.097 0.20 ° 


sumed (umole) 
Parent amine liber- | 0.071 | 0.078 
ated (umole) 
Acetate liberated | 0.079 | 0.073 | 0.095 0.21 0.23 
(umole) 


0.100 | 0.22 0.13 


* Not done. 


hydrolysates in Paper Systems I and II (after evaporating the 
excess HCl). 

C4 Experiments—Monoacetylputrescine and monoacety!l- 
spermidines A and B recovered from cells grown in the presence 
of putrescine-C™ had molar specific activities comparable to those 
of the parent amines; similar results were obtained for the mono- 
acetylspermidines recovered from cells grown in the presence of 
spermidine-C"4 (see Table IV). 

The spectrum of the DNP derivative of each of the com- 
pounds was the same as that of the corresponding standard.’ 

2. Effect of pH and Triethanolamine-HCl Buffer on Acetylation 
of Putrescine and Spermidine—Since the amounts of putrescine 
and spermidine have been shown to vary with changes of pH in 
E. coli W (5), the effect of pH on the acetylation of these amines 
was studied. Typical experiments are summarized in Table III. 
Under the conditions employed, raising the pH of the growth 
medium with NaOH” caused a decrease in free amines—notably 
in putrescine—and an increase in monoacetylspermidines A and 
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TaBLeE III 
Effect of pH and triethanolamine on amine content of E. coli B 


Cultures 1A and 1B were grown in parallel from the same inocu- 
lum, from titers of about 108 to 10° cells per ml. 1A was grown in 
medium maintained within 0.2 pH unit of 8.0 by repeated small 
additions of NaOH; 1B was grown in minimal medium. In Series 
2, the inoculum was grown in triethanolamine, 0.26 mM at pH 7.5, 
and aliquots were added (after washing in minimal medium) to 
each of the four subcultures, to make an initial titer of 10* cells 
per ml. 2A was grown to a titer of 5 X 108, 2B and 2C to 1.1 X 
10°; and 2D to 1.3 K 10® cells per ml. Generation times were: 1A, 
90 minutes; 1B, 45 minutes; 2A, 270 minutes; 2B, 100 minutes; 2C, 
80 minutes; 2D, 50 minutes. 


Amines 
Culture pH* Acetyl | 
“ cetyl- cetyi- cetyi- ; 
umoles/g wet weight 
1A 0 8.0 0.3 1.2 0.8 2.1 1.6 
1B 0 6.8 0.5 12 0.1 0.1 1.8 
2A 0.26 M 8.0 1.2 2.3 0.8 1.2 1.1 
2B 0.26 M 7.5 0.5 1.9 1.1 1.4 1.9 
2C 0.26 M 6.8 0.2 1.4 1.0 0.9 2.7 
2D 0 6.8 0.6 12 0.1 0.3 1.9 


* pH readings are averages of initial and final pH values (these 
did not differ by more than 0.3 unit); they were performed on a 
Beckman pH meter. 


B. Later experiments were performed with triethanolamine- 
HCl buffer’® to permit smoother pH control. Cells grown in this 
buffer at pH 8 accumulated increased quantities of monoacety]- 
putrescine as well as monoacetylspermidine. However, the 
buffer itself appeared to affect the amine content of the cells. 
After several generations in minimal medium at neutral pH, cells 
initially grown in triethanolamine, pH 7.5, had an essentially 
normal amine pattern, whereas cells transferred from the same 
initial culture to medium containing triethanolamine at neutral 
pH retained a markedly altered amine pattern. There was some 
slowing of growth rate with triethanolamine even at neutral pH, 
in agreement with previous work with Lactobacillus arabinosus 
(44); there was marked slowing of growth rate at more alkaline 
reactions. 

No evidence was obtained for the occurrence of significant 
amounts of N,N’-diacetylputrescine in the cells. The early 
fractions of Dowex 50-H+ chromatograms (where this compound 
might be expected to occur) contained radioactivity amounting 
to less than 20% of that associated with the monoacetylputres- 
cine when cells were grown in the presence of putrescine-C". 

3. Effect of Spermidine on Amine Pattern of E. Colt B—It had 
previously been shown that spermidine is readily taken up from 
the growth medium by E. coli W.1. Table IV summarizes experi- 
ments on the effect of this compound on the amine pattern of 
E. coli B. Cells grown in 5 X 10-4 M spermidine at neutral pH 
contained moderately increased levels of spermidine and de- 
creased levels of putrescine, essentially unchanged levels of mono- 
acetylputrescine, and markedly increased levels of the mono- 
acetylspermidines; Fig. 1 compares the Dowex elution pattern 


10 In these experiments, an effect of increased Nat or Cl- con- 
centration, or of ionic strength, cannot be ruled out. 
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TABLE IV 
Effect of spermidine on amine content of E. coli B 

The cultures were grown in parallel from the same inoculum, 
from titers of 10® to 2 X 10° cells per ml. After washing, the cells 
harvested from Culture 3 were divided into two portions: 73% (A) 
were analyzed, and the remainder (B) were reinoculated into mini- 
mal medium and harvested after further growth (to 3.3 times the 
initial titer). Generation times for all cultures were 45 to 48 min- 
utes. 


Amines 


ure in medium Acetyl- 
putre- Putre- |Acet — Spermidine 


scine 

pmole/g our tad pmole/g |S.A.t S.A.t S.A.t 
1 5 X 10°*m 0.40; 5.2) 0.51 0.61 3.7 
2 0 0.27 | 15 0.05 0.05 1.5 
3A 16 X 0.35 | 13 0.14 | 25 | 0.16 | 30) 1.9 |34 
3B 0 0.25 | 16 0.08 | 20 | 0.09 | 23 | 1.7 | 7.5 


* Initial concentration; the spermidine added to Culture 3A was 
radioactive, with specific activity 63 c.p.m. per mumole; 85% of 
this was taken up during growth. 

t Specific activity, c.p.m. per mymole. The putrescine and 
monoacetylputrescine contained no radioactivity, but this can- 
not be taken as evidence that spermidine cannot be degraded to 
these compounds, since the spermidine was labeled in the propyl- 
amine carbon chain (see under ‘‘Chemicals’’). 


of these cells with that of the control culture. Culture 3A of 
Table IV was grown in spermidine-C™“, 6 X 10-®m. It can be 
seen that even this low concentration of spermidine, inducing 
little change in the spermidine or putrescine levels of the cells, 
caused a significant increase in the levels of monoacetylspermi- 
dine. On further growth in the absence of spermidine (3B) the 
levels of monoacetylspermidine decreased (per gram of cells), 
and the specific activity of the spermidine decreased more than 
that of its acetyl derivatives. This is consistent with an in- 
creased rate of synthesis de novo of spermidine and a decreased 
rate of acetylation of spermidine, both approximating the rates 
in the control culture (2). It also implies that equilibration be- 
tween monoacetylspermidine and spermidine is slow. In these 
experiments, all of the added counts were recovered from the 
cells or the medium, in agreement with earlier studies with E. 
coli W.! However, only about 60% of the intracellular counts 
could be accounted for by the compounds thus far discussed. 
Most of the remainder of the counts were eluted from Dowex 50 
just before spermine, and appeared to be associated with an as 
yet incompletely identified compound." 

There was no evidence for the occurrence of significant quanti- 
ties of diacetylated spermidine in the cells. A compound tenta- 
tively identified as diacetylspermidine [CH;CONH(CH:)3NH- 
(CH2)4NHCOCH,] was obtained as a by-product of the synthesis 
of monoacetylspermidine B; this compound yielded spermidine 
and acetate on hydrolysis, and gave a DNP spectrum charac- 
teristic of a secondary amine.’ It was eluted from Dowex 50-H+ 
slightly before putrescine (70 to 100 ml). The radioactivity 
eluted from Dowex 50-H* in this fraction in experiments 3A and 


11 This material appears to be a conjugate between spermidine 
and glutathione. A preliminary report on its identification has 
been published (45). 
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= 100 T l ] T T x have shown that £. coli (among other bacteria) readily takes up 
added spermine from the medium. Table V summarizes typical 
a 80 SPERMINE (GROWING) = experiments on the effect of this compound on the amine pattern 
Ss SPERMINE (NON-GR owine)™ of E.coli B. There is replacement of the putrescine and spermi- 
> 60 “s dine normally present, and of their acetyl derivatives, by sperm- 
- ine, monoacetylspermine, and diacetylspermine; the replacement 
a 40 ~ of spermidine is most rapid; and the process is progressive with 
O napa time (cf. 2A with 2B) and more rapid with higher spermine 
concentrations 1B with 2B). The levels of intracellular 

. MINIMAL (GROWING) spermine and acetylated spermine in Experiment 2B total 1% 
(as the free base) of the wet weight of the cells. Diacetylsperm- 


oO 20 40 60 80 100 120 


TIME AFTER TRANSFER (MINUTES) 


Fic. 2. The effect of spermine and glucose on the loss of radio- 
activity from cells grown in the presence of spermidine-C!*. Inoc- 
ula were grown in bubbler tubes at 37° in minimal medium con- 
taining spermidine-C'*, 5 X 10-* m, from titers of about 2 X 108 
to 2.4 X 10° cells per ml, at which time they had taken up 85 to 
95% of the spermidine. The cells were then separated by centri- 
fugation, washed in 0.9% NaCl solution at 0°, and aliquots sus- 
pended in fresh medium. In one experiment, cells were added to 
medium containing 5 X 10-4 mM spermine on the one hand (@——-@) 
or minimal medium on the other (O——O), both containing 0.5% 
glucose, and allowed to grow for 2 hours (about 23 generations). 
Aliquots of medium were then counted at the specified time inter- 
vals, after centrifugation. Values denoted by A or O represent 
similar experiments in which 2-hour samples only were counted. 
Values denoted by M@ or A represent experiments in which cells 
were suspended in the presence or absence of spermine respec- 
tively, without a carbon source, and in which 2-hour samples only 
were counted. Values are expressed in terms of % of the counts 
per minute (CPM) added. 


3B of Table IV amounted to 10 to 15% of that in either of the 
monoacetylspermidine peaks. 

A number of experiments were performed with spermidine-C" 
on a small scale (5 to 15 ml cultures) in bubbler tubes. (See 
Fig. 2 legend for details of growth conditions.) The harvested 
cells were treated in the same manner as for the larger scale 
experiments, except that more extensive ether extraction was 
performed, and the remaining solution was evaporated to a small 
volume without adding NaOH; aliquots were then chroma- 
tographed in Paper Systems I or II, and the areas corresponding 
to spermidine on the one hand, and the monoacetylspermidines 
on the other, were counted; the results afforded an approximate 
measure of the extent of acetylation of spermidine. In such 
experiments with growing cultures of EZ. colt B or E. coli W, the 
ratio of counts in the spermidine area to those in the monoacetyl- 
spermidine area was about 4:1. Resting suspensions of E. coli 
B (3 X 10° cells per ml) were found to take up only 40% as much 
spermidine after 2 hours as growing cultures (final titer, 2.4 x 
10° cells per ml). In the resting cells, 90% of the radioactivity 
was in the spermidine area, and none was detectable in the 
monoacetylspermidine area. A bubbler tube experiment was 
also performed on the uptake of monoacetylspermidine B-C™ 
isolated from a larger scale culture (3A of Table IV). Cells were 
grown from titers of 5 X 107 to 2 < 10° per ml in the presence of 
9 10-* mM monoacetylspermidine B-C"™, at which point 35% 
of the added counts had been taken up. Of the counts present 
in the cells, 95% were found to travel with carrier monoacety!l- 
spermidine B in the Dowex 50-H* system and Paper System I 
(of Table I). 

4. Effect of Spermine on Amine Pattern of E. coli B—¥Earlier 
studies in this laboratory,’ and by Razin and Rozansky (23), 


ine was also found in the medium, amounting in Experiment 
1B to 20% of the added spermine (Table VI); none of the other 
amines studied were excreted in comparable quantities under 
any of the growth conditions employed. The 88% recovery of 
added spermine as spermine or acetylated spermine (Table VI) 
is consistent with the studies cited above! (15), in which no 
significant degradation of spermine by E. colt was demonstrable. 
The slight slowing of growth rate brought about by spermine is 
also in agreement with earlier observations (20, 21); diacetyl- 
spermine at higher concentration (2 < 10-3 m) had no effect on 
growth rate. 


TABLE V 
Effect of spermine on amine content of E. coli B 


Cultures 1A and 1B were grown in parallel from the same inocu- 
lum from titers of 5 & 107 to 5 & 10° cells per ml. Cultures 2A 
and 2B represent serial samples from the same culture, grown from 
an initial titer of 108 cells per ml. Sample 2A was withdrawn at a 
titer of 2 X 108 cells per ml and 2B at a titer of 2 K 10° cells per ml. 
The levels of monoacetylputrescine and monoacetylspermidine A 
and B in cells grown in spermine were in all cases depressed to less 
than 0.2 wequivalent of amino groups per gram. Generation times 
were: 1A, 38 minutes; 1B, 45 minutes; 2, 62 minutes. 


Amines 
Culture _ Spermine 
in medium* Mono- 
S D l- 
umoles/g wet weight 
1A 0 13 1.8 <0.01 <0.2 | <0.02 
1B 5 X 10-4 Mm 0.8 0.05 3.6 15 4.6 
2A 10-3 Mm 1.0 <0.2 3.8 12.5 5.9 
2B 10-3 m 0.2 <0.05 5.9 22 9.3 
* Initial concentration. 
TaBLeE VI 


Spermine balance for E. coli B grown in presence of added spermine 


The culture was that designated 1B in Table V. The medium 
was analyzed, after separating the cells, by chromatographing an 
aliquot of 8 ml as described previously for trichloroacetic acid 
extracts of cells. The quantities of putrescine and spermidine 
in the medium were low, amounting to less than 10% of the 
amounts in the cells of a parallel control culture (1A of Table V). 


Total spermine or spermine derivative* 


Moncncetyl | Dincety | spermine | Sum 
Cells 0.02 0.08 0.02 0.12 
Medium 0.01 0.21 0.54 0.76 


* Values given as the mole fraction of added spermine. 
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Experiments bearing on the mechanism of the replacement of 
the normal amines in the presence of spermine are summarized 
in Fig. 2. On transfer to growth medium which contained 
spermine, there was a rapid leakage of radioactivity from cells 
grown in spermidine-C"; this leakage occurred, but at a slower 
rate (or with altered equilibrium), in the absence of a carbon 
source. 

Salmonella typhimurium LT-2 was found to have a similar 
amine composition to that of EF. colt when grown in minimal 
medium; in this organism, also, the normal amines were exten- 
sively replaced by spermine, diacetylspermine, and monoacety]- 
spermine on growth in the presence of spermine. 


DISCUSSION 


The roles of the polyamines and their acetylated derivatives 
in the metabolism of E. colt have not been established, but the 
present results permit certain general statements and conjectures 
to be made. 

Putrescine on the one hand, and spermidine and spermine on 
the other, appear to have rather different fates in E. coli. The 
rapid turnover of putrescine previously noted! (5) suggests a 
role as a metabolic intermediate supplying other compounds 
(among them spermidine (5)) or energy to the cell. Monoacetyl- 
putrescine was found to have a specific activity similar to that of 
putrescine in the experiments with tracer levels of putrescine-C™ 
(not tabulated); either acetylation in this case is readily reversi- 
ble, or the turnover of the two compounds is similar. Mono- 
acetylputrescine may in part serve as a precursor to putrescine 
or monoacetylspermidine A. 

The data on spermidine and spermine are in agreement with 
the earlier work showing essentially no degradation of these 
compounds.! The experiments with spermidine-C™ and mono- 
acetylspermidine-C™ further suggest that acetylated spermidine 
is neither degraded nor deacetylated to a significant extent by 
growing cultures. It would appear that spermidine and sperm- 
ine, and their conjugates, cannot function as energy sources or 
as sources of other compounds except at tracer levels. 

Several authors have suggested that the toxicity of certain 
organic bases is due to their competition with other, nontoxic 
cations (such as metals) for anionic binding sites in or on the cell 
(44, 46); Razin and Rozansky (23) have postulated that the 
toxicity of spermine towards Micrococcus aureus may operate by 
way of this mechanism. The present data are consistent with 
the idea that the polyamines are involved in the cation balance 
in EF. coli also. The depression of putrescine and of spermidine 
synthesized de novo, and the increased acetylation of spermidine 
that occur in the presence of external spermidine, may be con- 
sidered a homeostatic mechanism tending to counter the rise 
in polyeations which would result from the uptake of spermidine. 
The even more striking decrease of the normally occurring 
polyamines, and the extensive acetylation of spermine, which 
occur with added spermine, would serve a similar purpose. It is 
possible that the acetylating capacity of E. colt is a factor in its 
relative tolerance towards external spermidine and spermine (19, 
20). Other evidence bearing on this point is as follows: previous 
studies have shown that bacteriostatic properties of spermidine 
are enhanced at alkaline pH! (19), whereas it is at such alkaline 
reactions that spermidine is most actively acetylated; also, 
diacetylspermine, the major acetylation product of spermine, is 
nontoxic relative to spermine. The effect of high levels of 
putrescine on the amine pattern has not been studied; one might 
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expect oxidation to compete effectively with acetylation in lower- 
ing excessive levels of this polycation. 

The general mechanisms by which spermine replaces the other 
amines can be inferred from the results of transferring cells 
grown in spermidine-C" into growth medium containing sperm- 
ine; the loss of radioactivity into the medium, together with the 
failure of the cells to excrete significant amounts of nonradio- 
active putrescine or spermidine on further growth, suggest that 
spermine both displaces the other amines from their binding sites 
and stops or slows their (net) synthesis. 

The studies comparing growing with nongrowing cells suggest 
that the uptake of spermidine, its acetylation, and its replace- 
ment in the presence of spermine, are all more or less dependent 
on an external energy source; this is in general agreement with 
the energy dependence for the bacteriocidal effect of spermine 
towards Micrococcus aureus (23) and for the uptake of several 
metallic cations by E. coli (47). 


SUMMARY 


Monoacetylputrescine and two isomeric forms of monoacetyl- 
spermidine have been recovered from growing cultures of E'scher- 
tchia coli B. The acetylation of spermidine isenhanced by added 
spermidine and by high pH. 

In the presence of spermine, the normal amines are extensively 
replaced by spermine, monoacetylspermine, and diacetylsperm- 
ine. 

Certain general metabolic characteristics of the amines and 
acetylated amines, and their interrelationships, are presented and 


discussed. 
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Since the description by Sanger (1) of the easy reactivity of 
2,4-dinitrofluorobenzene with free amino groups, this reagent has 
found many applications. It has become a routine tool in the 
analysis of the amino end-groups of proteins, and of amino acids 
in protein hydrolysates (2). By subjecting the dinitrophenyl 
derivatives to various extraction procedures, the reaction has 
been made more specific for the determination of histamine (3, 4), 
or of serine and ethanolamine in hydrolysates of phospholipids 
(5). In recent years, two general methods for the determination 
of aliphatic amines have been published. In the procedure of 
McIntire et al. (6), the water-insoluble dinitropheny]! derivatives 
of primary and secondary monoamines are extracted into cyclo- 
hexane or tetrachloroethane for colorimetric determination. In 
a modification for application to polyamines, Rosenthal and 
Tabor (7) have developed a method in which the reaction prod- 
ucts are extracted into one of several other organic solvents. 

The present method was designed for more rapid, sensitive 
assay of large numbers of samples from chromatographic separa- 
tions of polyamines, but it is applicable to a wide range of primary 
and secondary amino compounds. Its increased simplicity re- 
sults primarily from employing dioxane to bring the DNP! 
amines into solution, rather than extracting them from the 
aqueous reaction mixture. The sensitivity of the method is 
about 10 times that of the method of McIntire et al. (6), and 4 
times that of the method of Rosenthal and Tabor (7); 10 to 150 
myuequivalents of amino groups can be accurately determined. 

Studies on spectroscopic differences between the DNP deriva- 
tives of primary and secondary amines, noted earlier by McIntire 
et al. (6) and Lockhart (8), will also be presented, and a simple 
parameter for the differentiation of primary and secondary 
amines will be described. 


EXPERIMENTAL 


Chemicals—The amines tested were commercial samples, ex- 
cept for monoacetylputrescine, CH;CONH(CH:2)sNH2, and 
monoacetylspermidine, CH;CONH(CH:2)4NH(CH2)sN He, which 
were synthesized by Dr. E. L. Jackson (9), and mono- and di- 
acetylspermine, He and 
which were 
prepared in collaboration with Dr. H. Bauer (10). The DFB 
was purchased from Matheson, Coleman, and Bell, Inc. Dioxane 


* Present address: Department of Medicine, Albert Einstein 
College of Medicine, New York 61, New York. 

1 The abbreviations used are: DFB, 2,4-dinitrofluorobenzene; 
DNP, 2,4-dinitrophenyl; Amax, wave length of maximal absorb- 


ancy. 


and dimethy] formamide were purchased from Eastman Kodak 
Company. 

Reagents—The following reagents were used. A, 0.65 ml of 
DFB in 50 ml of acetone (stored in cold; can be kept for several 
several weeks, after which blank values rise); B, sodium tetra- 
borate (Na2B,O7-10H,0), 25 g in 1 liter of H.O (0.066 m); C, 
dilution of A in B, 1:10, prepared immediately before use; D, 
dilution of concentrated HCl in dioxane, 1:100. 

Procedure—Add 0.05 ml of the neutralized amine solution 
(containing 10 to 150 myequivalents of free primary or secondary 
amino groups) to a test tube (13 K 100 mm). Add 0.05 ml of 
Reagent C. Incubate at 65° for 10 minutes. Add 1.0 ml of 
Solution D. Read at suitable wave length (see below) in a 
Beckman DU spectrophotometer fitted with an adaptor for 1-ml 
volumes. 

For the estimation of amines in volatile acids (such as poly- 
amines eluted from Dowex 50 with HCl (11)), the procedure is 
conveniently modified as follows. Aliquots of up to 2 ml are 
added to the reaction tubes and evaporated under reduced pres- 
sure over KOH; 0.1 ml of half-strength Reagent C is added, and 
the reaction is carried out as before. 

Solution of the DNP derivatives of certain diamines at times 
takes up to 20 minutes, but can be hastened by warming; the 
other derivatives are dissolved by the dioxane immediately. 

Increased buffering action can be obtained in the reaction 
mixture by doubling the borate concentration; under these condi- 
tions the absorbancies of the reaction products are unchanged, 
but the blank readings are slightly higher. 

The effect of time on color formation was studied by prolonging 
the incubation to 20 and 30 minutes. Color formation was 
essentially complete (within 5% of maximum) after 10 minutes 
for the compounds listed in Table I, with the exception of diethy]- 
and propylamines, glutamic acid, threonine, and tyrosine, which 
reached maximal color development only after 20 minutes, and 
dipropyl-, dibutyl-, and isopropylamines, which even after 20 
minutes had not reached maximal color development. Blank 
values (read against Reagent D at 370 my) rose from 0.15 at 
10 minutes to 0.22 at 20 minutes, and 0.26 at 30 minutes. 

Dimethylformamide was found to be a good substitute for 
dioxane as a solvent. Spectra for DNP amines in this solvent 
were found to be shifted about 10 mu toward higher wave lengths 
compared to those for the corresponding derivatives in dioxane. 
This property may in fact make dimethylformamide preferable 
to dioxane for some purposes, since with both solvents the blank 
values decrease toward higher wave lengths in similar fashion; 
thus the blank readings at the wave length of maximal absorb- 
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8 Wave lengths of maximal absorbancy (Amaz), absorbancies at 350 and 
390 mp, and 350: 390 ratios for 2,4-dinitrofluorobenzene reaction 
120+ ° SPERMINE products of primary and secondary amines and amino acids 
® MONOACETYL- In each instance, 100 myequivalents of amino groups were 
es 100+ SPERMINE added, and the reaction was performed as described in the text, 
= o DPIACETYL- except that the incubation time was extended to 20 minutes to 
© 080 SPERMINE permit some of the slower reacting compounds to approach their 
BLANK maximal color yield. 
<x 0.60 Absorbancyt 
0.40 
At 350 mz | At 390 mp 
0.20 
mp 
0 ! | Secondary amines 
320 340 360 380 400 420 a 373 1.05 1.34 0.78 
; i lamine 381 0.69 1.05 0.66 
WAVELENGTH 
Diethanolamine 381 0.66 0.97 0.68 
Fic. 1. Spectra of DNP derivatives of various polyamines. In Dipropylamine 384 0.58 0.96 0.60 
each instance, 100 myequivalents of free amino groups were added, Diisopropylamine 0 0 0 
and the reaction was performed as described in the text. The Dihetwhens! 
; : ylamine 382 0.62 1.13 0.55 
absorbancy of the reagent blank (read against Reagent D) is oe : 
plotted for comparison Diisobutylamine 385 0.30 0.55 0.55 
’ Diamylamine 382 0.74 1.24 0.60 
Piperidine 380 0.73 1.11 0.66 
ancy (Amax)! of a particular DNP amine are lower in dimethy]- Diacetylspermine 380 0.74 1.20 0.62 
formamide than in dioxane. Since the initial work and that in Primary amines 
the accompanying papers (10, 12) was done with dioxane, how- Methylamine 353 1.31 0.60 2.2 
ever, all of the data presented below refer to dioxane solutions, Ethylamine 354 0.32 0.15 2.1 
Ethanolamine 355 1.32 0.60 2.2 
RESULTS Propylamine 353 1.35 0.60 2.3 
Isopropylamine 353 0.67 0.28 2.4 
Fig. 1 shows the absorption spectra of the DNP derivatives of | Butylamine 355 1.17 0.55 2.3 
several polyamines, as determined by the above procedure, as Isobutylamine 353 1.36 0.59 2.3 
well as the absorption of the reagent blank at pertinent wave Amylamine 353 1.38 0.60 2.3 
lengths. The shift of the Amax toward higher wave lengths as Histamine 358 1.40 0.68 2.1 
the relative number of secondary to primary amino groups in- sie Sano se 1.42 0.63 2.2 
creases is consistent with the findings of McIntire et al. (6) and 
Putrescine 359 1.41 0.66 2.1 
of Lockhart (8) for secondary as opposed to primary monoamines, Ciietnetinn 356 1.35 0.61 22 
and with that of Rao and Sober (13) for imino as opposed to Decamethylenedi- 352 1.34 0.65 21 
amino acids. The ratio of the absorbancy at 350 mu to that at amine 
390 my (the “350:390 ratio’) was found to be a convenient Monoacetylputrescine 355 1.40 0.64 2.2 
parameter for differentiating primary and secondary amines. Amino acids 
Table I demonstrates this for a number of secondary monoamines Glycine 348 1.38 0.61 2.3 
and primary monoamines and diamines. The absolute absorb- —-_- Glutamic acid 348 1.15 0.51 2.3 
ancies are more variable than the ratios within each group; how- Lysine 352 1.29 0.57 2.3 
ever, the values for the longer chain unhindered monoamines, yard 
‘ Cysteic acid 350 1.48 0.66 2.3 
and, more strikingly, for the diamines, are fairly uniform.? Th : 
reonine 352 1.34 0.60 2.2 
It is noteworthy that ethanolamine behaved like a typical Tyrosine 345 1.22 0.50 24 
primary amine, in contrast to the finding of McIntire et al. (6) Proline 372 1.16 1.03 1.1 
that the A max for this compound fell into the range of secondary Hydroxyproline 358 1.53 1.05 1.5 


amines. This discrepancy is probably due to their use of a 
different solvent (tetrachloroethane) to extract the DNP-ethanol- 
amine from that (cyclohexane) which they used to extract the 
less water-soluble aliphatic amine derivatives. The use of 
dioxane avoids this complication, since with it clear solutions 
are obtained with water-soluble as well as water-insoluble DNP 
derivatives, and direct spectroscopic comparison is thereby pos- 
sible. 


2 The low absorbancy for diisopropyl-, diisobutyl-, and iso- 
propylamines may be due to steric hindrance; that for ethylamine 
is unexplained. 


* The absorbancies at the Amax for the secondary amines are 
within 5% of their absorbancies at 390 mu, with the exception of 
dimethylamine; the absorbancies at the Amax for the primary 
amines, and for the amino acids, are within 5% of their absorban- 
cies at 350 my, with the exception of proline. 

1 These values can be converted to millimolar extinction co- 
efficients for the DNP derivatives (assuming the reaction has 
gone to completion) by multiplying by 11 times the total number 
of free amino groups in the compound. 

t The sulfhydryl group presumably reacts with DFB to con- 
tribute some of the absorbancy. 
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TABLE II 


Absorbancies at 350 and 390 mp, and 350:390 ratios for, 
2,4-dinitrofluorobenzene reaction products of 
mized primary and secondary polyamines 


In each case, 100 myequivalents of amino groups were treated, 
and the absorbancies were multiplied by the number of free amino 
groups per compound. Theoretical values were predicted by 
assuming absorbancies of 1.4 and 0.63 at 350 and 390 my, respec- 
tively, per 100 muequivalents of primary amino groups, and 0.76 
and 1.2 at 350 and 390 my per 100 myequivalents of secondary 
amino groups. 


Absorbancy at 
90 my per 
100 mumoles 


Absorbancy at 
50 my per 
100 mumoles 


350:390 Ratio 


Monoacetylspermine 2.98 | 2.92 | 3.01 | 3.03 | 0.98 | 0.96 
Spermine 4.48 | 4.32 | 3.62 | 3.66 | 1.24 | 1.18 
Monoacetylspermidine | 2.18 | 2.16 | 1.88 | 1.83 | 1.17 | 1.18 
Spermidine 3.60 | 3.56 | 2.41 | 2.46 | 1.49 | 1.45 
(N-Propylamine)pro- 3.56 | 3.56 | 2.32 | 2.46 | 1.53 | 1.45 

pylenediamine 
Diethylenetriamine 2.71 | 3.56 | 1.26 | 2.46 | 2.15 | 1.45 
Triethylenetetramine 3.54 | 4.32 | 1.86 | 3.66 | 1.91 | 1.18 
1.60 


1.40 
1.20 
1.00 
0.80+ 
0.60 
0.40 
0.20 


ABSORBANCY AT 370 


x PUTRESCINE 
© SPERMIDINE 
@ SPERMINE 
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0 40 80 120 160 200 
mde EQUIV. OF AMINO GROUPS 


Fic. 2. Calibration curves for putrescine, spermidine, and 
spermine at 370 mu. From 2 to 4 determinations were obtained 
for each point; the range for a single point was less than +5% of 
the mean. 


If one assumes that the amino groups in mixed primary and 
secondary polyamines behave as do those of the simpler ana- 
logues, one can predict values for the absorbancies at 350 and 
390 my of the reaction products of polyamines. Table II shows 
that these values agree fairly well with experiment, except for 
diethylenetriamine and triethylenetetramine; presumably in 
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Fig. 3. Characterization of compounds that react with DFB 
by the 350:390 ratio. A trichloroacetic acid extract of E. coli 
grown in spermine (9) was chromatographed on Dowex 50 (10), 
and 0.1 to 0.3 ml of each fraction was evaporated and assayed as 
described in the text. The absorbancies of the reaction products 
at 370 mu corrected to 0.5-ml aliquots (solid lines), as well as the 
corresponding 350:390 ratios (dotted lines), are plotted against 
fraction number. Spermidine and diacetylspermine appear in 
Peak I, monoacetylspermine and sperminein Peak II. The shaded 
areas represent the spermidine and monoacetylspermine contents 
of Peaks I and II, respectively, as determined by paper chroma- 
tography (9). The 350:390 ratios correspond well with the major 
component of each fraction. 


these compounds the relative proximity of the amino groups pre- 
vents the secondary groups from reacting fully. 

In monitoring Dowex 50 chromatographic fractions for poly- 
amines, it has been found convenient to read at 370 mu, where 
the absorbancies of the reaction products of primary and second- 
ary amines are about equal. In Fig. 2 is demonstrated linearity 
of absorbancy at this wave length plotted against concentration 
for putrescine, spermidine, and spermine; linear curves were also 
obtained for the acetylated derivatives and for the monoamines 
listed in Table I. In the Dowex 50 system referred to above 
(11), certain acetylated derivatives of spermidine and spermine 
are poorly separated from the unacetylated compounds (10); by 
also following the 350 :390 ratios in these instances, as exemplified 
in Fig. 3, the relative amounts of acetylated and nonacetylated 
amines can be estimated. 

A number of amino acids were tested, and representative ones 
are listed in Table I. They, in general, yielded spectra similar 
to those of the primary amines, with the expected exceptions of 
proline and hydroxyproline (cf. (13)). 

Ammonium chloride gave an absorbancy about one-twentieth 
that of an equivalent amount of putrescine, presumably because 
of volatilization during the reaction; the Amax was 345 my and 
the 350:390 ratio was 1.8. 


SUMMARY 


A simple, sensitive method for estimating amines has been 
developed, which uses dioxane to dissolve 2,4-dinitrofluoro- 
benzene reaction products before colorimetry. The spectra of 
dinitrophenyl derivatives of primary amines have been shown 
to be easily differentiated from those of secondary amines, and 
spectral properties of dinitrophenyl derivatives of certain poly- 
amines have been shown to be predictable from the properties of 
analogous dinitrophenylmonoamines. 
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In separate communications (1, 2), a method is described for 
the approximate analysis of mixtures of the urobilin group as to 
proportions of d- or 2-urobilins or /-stercobilin. This is an 
adaptation of the FeCl;-HCl and heat procedure as first em- 
ployed by Fischer and Niemann (3) for the preparation of meso- 
biliviolin from mesobilirubinogen, and later by Legge (4), in 
analyzing mixtures of /-stercobilin and 7-urobilin (Formula I in 
Fig. 1). The adaptation referred to depends on the observation 
(1, 2, 5) that under the conditions described, d-urobilin is con- 
verted mainly to glaucobilin (mesobiliverdin) while 2-urobilin 
yields a mixture of mesobiliviolin and glaucobilin. The former 
is invariably present in sufficient proportion that the ratio of 
absorption at 560 mu /650 my provides an approximate measure 
of the initial proportions of 7- and d-forms in the mixture. /-Ster- 
cobilin under the same conditions does not yield either meso- 
biliviolin or glaucobilin; hence there is no increase in absorption 
at 560 or 650 my and strong absorption persists at a maximum 
of 492 my, though generally diminished as compared with the 


starting intensity. 


Previous analysis of crystalline d-urobilinogen agreed with the 
formula C33HgN,O«¢, and for the corresponding d-urobilin C33H4o- 
N,O. (6, 7). This has recently been confirmed by Gray and 
Nicholson (8) who have described evidence suggesting that the 
d-urobilin molecule contains one of the vinyl groups characteristic 
of bilirubin and dihydrobilirubin. They suggest Formula I 
(Fig. 1) as most likely for d-urobilin. It was unexpected that a 
compound of this structure should so readily yield glaucobilin, 
in which both vinyl groups have been replaced by ethyl groups. 
Crystalline glaucobilin (V, Fig. 1), prepared by FeCl;-HCl and 
heat treatment of d-urobilin has been shown to be identical with 
the glaucobilin obtained from mesobilirubin or mesobilirubinogen 
(2). The latter is readily dehydrogenated first to i-urobilin (I) 
then MBV (IV) or its isomer, MBR.' Gray and Nicholson (8) 
have described evidence that d-urobilin is converted to MBV or 
MBR by a series of proton transfers from the double bonds of 
the pyrrol nucleus A or D, depending upon whether the single 
vinyl group, thus converted to an ethyl group, is in position 2 or 
8. In Fig. 1 position 2 is assumed. 

These considerations left unanswered the finding (1, 2, 5) 
that despite a considerable MBV formation both from d-urobilin 
and i-urobilin as a result of heating with FeCl; and methanol- 
HCl, further conversion to glaucobilin proceeds more rapidly 


* Aided under a contract with the Office of the Surgeon General, 
U.S. Army. 

1 The abbreviations used are: UBG, urobilinogen, MBV, meso- 
biliviolin; MBR, mesobilirhodin; MBP, mesobilipurpurin; MCT, 
mesocholetelin. 


and to a greater degree from the d- (Hao) than from the 7- (H4:) 
form. Gray and Nicholson (8) failed to observe significant dif- 
ferences in MBV versus glaucobilin formation from the d- and 
i-urobilins, but more recently Gray and associates? have found 
that the method previously employed differed from ours in re- 
spect to a considerable dilution of the reaction mixture with 
water after heating. This factor was thought responsible for 
secondary mesobilipurpurin (MBP) formation by oxidation of 
glaucobilin (9-11). The MBP forms are indistinguishable in 
color from the MBV forms, although as discussed later, spectral 
and solubility differences permit distinction. Gray? now believes 
that the similar color of the final solution after FeCl; treatment 
of d- and 7-urobilins in their earlier experiments (8) was attribut- 
able to admixture of MBP and glaucobilin in the solutions derived 
from d-urobilin. 

The present study was undertaken with a view of comparing 
quantitatively the conversion of the two urobilins to MBV and 
glaucobilin and determining whether there is any evidence of 
formation of a differing MBV or MBP from either compounds. 

Another of the present objectives was to determine whether 
the newly described d-urobilin (H4:) isomer of t-urobilin behaves 
similarly to d-urobilin (H4o) toward FeCl;-HCl and heat treat- 
ment. Gray and Nicholson (8) have shown that catalytic hy- 
drogenation of d-urobilin yields an Hy isomer of mesobilirubino- 
gen, the latter being formed when sodium amalgam is used (6). 
The new chromogen, on treatment with I:, was found to yield a 
dextro-isomer (Hy) of 7-urobilin. Gray and Nicholson have 
given this the trivial name d-urobilin [X,a. Since the original 
d-urobilin (H4o) is also [X,a in type (12), it might be better to 
designate the new isomer simply as d-urobilin (Hy) and its 
chromogen as d-UBG (Hy). 


MATERIAL AND METHODS 


In accordance with our earlier findings (13) d-urobilin (H4o) 
was isolated by the method previously described (6) from the 
feces of patients with hemolytic jaundice who had recently re- 
ceived a tetracycline antibiotic. The hydrochloride was re- 
crystallized from methy] alcohol-ethyl acetate (6, 14). Professor 
Gray kindly provided a few milligrams of crystalline d-urobilin 
(Ho) hydrochloride, such as was used in his studies (8), for pur- 
poses of comparison. 

Crystalline 7-urobilin was prepared from bilirubin by the direct 
amalgam reduction and petroleum ether-iodine method previ- 
ously described (14). The hydrochloride was likewise recrystal- 
lized from methanol-ethy] acetate. Glaucobilin and mesobili- 


2 Personal communication. 
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d-Urobilin C_HN,O, os postulated by Siede! (17) 


(m) 
Isomerisation 
according to Gray 
and Nicholson (8) 


Fig. 1. Known or suggested structures for 7- and d-urobilins and related compounds. 


vinyl. 


violin methyl esters were prepared from mesobilirubinogen by 
Siedel’s method (15). The former was recrystallized from chloro- 
form-methanol. The MBV ester was obtained simply as a 
concentrate in chloroform, after Al,O; chromatography. 

In 200-ug amounts, d- or 7-urobilin was subjected to the 
FeCl;-HCl heat method as described in detail elsewhere (1, 2). 
In brief, the sample is dissolved in 2 ml of methanol. One ml of 
20% FeCls in concentrated HCl is added. In the standard 
procedure (2) the mixture is heated in the boiling water bath for 
15 minutes. In the present study a number of individual runs 
were made, each with 200 ug of d- or i-urobilin. The mixture 
was heated for varying periods ranging from 1} to 75 minutes. 
After the heating, the reaction mixture was adjusted with satu- 
rated sodium acetate solution to a Congo-negative reaction and 
the mixture shaken twice with ethyl ether. This was separated 
and washed twice with distilled water. This was combined with 
the aqueous phase which contained the unchanged stercobilin. 
The ether was then extracted repeatedly with 2-ml portions of 


E = ethyl; WZ = methyl; P = propionic; V= 


1.5 N HCl. After heating for 15 minutes, the HCl extract thus 
derived from pure d-urobilin (H4o) is aqua colored, due to its 
principal content of glaucobilin; that from 7-urobilin (Hw) is 
violet or blue due to MBV and varying amounts of glaucobilin; 
whereas that from l-stercobilin is light yellow or salmon colored, 
due to unchanged stercobilin.® 

In certain experiments larger amounts (1 to 5 mg) of d- or 7- 
urobilin were subjected to the FeCl; treatment either with the 
same amounts or proportionate increase of FeCl3, methanol, and 
HCl. 

Mesobilipurpurins were prepared from pure glaucobilin ac- 
cording to Siedel’s method (10). Crystalline glaucobilin methyl 
ester was dissolved in 5 ml of 2 N HNO; to which a few mg of 


3’ Traces of MBV are often present, undoubtedly derived from 
small amounts of 7-urobilin in the original l-stercobilin sample. 
As discussed elsewhere (1, 2), 7-urobilin is readily converted to 
l-stercobilin by fecal bacteria, after which MBV is no longer ob- 
served with the above FeCl]; treatment. 


(CM 
U, Pp M E M v Pp 
= Cc 
(I) 
R 
5 
CoH 6 
Isomerisation 
19 
(ZZ) 
Gloucobilin C,,H,N, O, | N 
ac 
(z) 
at 
to 
Mesobilipurpurin C,,H,.N,O, 
| 
| th 
; 
| ek 
| 
of 
d 
p 
as 
Pe 
C 
tr 
F 
tr 
re 


No. 3 


(17) 


March 1960 
1.5 
Lar 
1.2 
1.1 
1.0 
R AT 10 il 
560 My 0.8 
650 My 
0.6 
0.5 
0.4 
0.1 
0 25 50 75 100 


PERCENT a 


Fic. 2. Plot of ratios 560 myz/650 my for final 1.5 N HCl solutions 
after FeCl; and heat treatment of i- and d-urobilin. (Excerpt 
from an illustration in reference (2); J. Lab. Clin. Med., 54, 1, 
1959; reproduced with permission of the publishers). 


NaNO, have been added. After the solution is shaken, the re- 
action is stopped at the violet phase by addition of 5 ml of 2. N 
NaOH. The pigments are extracted into CHCl; at pH 4.0 
(acetic acid) and chromatographed on Al,0O3 (Merck) according 
to Siedel’s method (10). 

Spectral distributions were recorded in a Beckman model DK 
spectrophotometer. The ratio of optical densities 560 mu/650 
my was calculated, as previously described (1). A standard plot 
of this ratio for various mixtures of d-urobilin (Hg) and 7-uro- 
bilin (H42) is shown in Fig. 2. 

Column chromatography of the MBV-glaucobilin group from 
the above final 1.5 Nn HCl solutions was also carried out with 
Al,O3 according to Siedel (10), the methyl esters being adsorbed 
from a petroleum ether concentrate, and the chromatogram de- 
veloped with CHCl3-ether, 1:2 or 1:1. Alternatively, MgO 
columns were used as specified by Gray and Nicholson (8) the 
chromatogram being developed with CHCl;-ethy] ether, and the 
pigments eluted with increasing proportions of CHCl;. Eluates 
of individual zones were concentrated to dryness under reduced 
pressure and redissolved in a minimal amount of CHCl; A 
drop of concentrate was mixed with a small amount of KBr and 
pressed into a micropellet for infrared microspectrophotometry, 
as described elsewhere by Dinsmore and Edmondson (16). A 
Perkin-Elmer model 12 monobeam instrument with infrared mi- 
croscope was used. This employs a cam devised by Dinsmore, 
permitting direct linear recording (16). The remainder of the 
CHC]; solution was used for recording of ordinary spectral dis- 
tribution in the Beckman apparatus. 

Eluates of MBV obtained by column chromatography after 
FeCl3-HCl and heat for periods of 14 or 15 minutes were concen- 
trated to dryness at low temperature under reduced pressure, 
redissolved in methanol and subjected to FeCl3-HClI and heat for 
15 minutes as described above. 

Crystalline d-urobilin (H4o) hydrochloride was reduced cata- 
lytically on two occasions:‘ (1) 2.58 mg in glacial acetic acid with 


4 We are grateful to Dr. Ivan Frantz for carrying out these re- 
ductions. | 
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Adam’s platinum took up 0.2 ml of H: corresponding to 93% of 
the calculated amount for an Ha compound; (2) 5.8 mg reduced 
in the same manner took up 0.42 ml or 2 mole equivalents of Ho. 
The resulting chromogen from each run was extracted into pe- 
troleum ether (boiling range, 30—60°); this was then shaken with 
dilute I:-H,O in the usual manner (14) whereby the resulting 
urobilin enters the aqueous and excess I; the petroleum ether 
phase. Gray and Nicholas (8) have shown that the Hy chro- 
mogen obtained catalytically is converted by I, to the d-urobilin 
(Hq) compound. This material was extracted by CHCl;. The 
optical activity of the two samples was [a]2” = +3500 and 
+3700, respectively. The FeCl;-HCl method (see above) was 
applied to 200 ug amounts after evaporation of the CHC]; to 
dryness and solution in methanol. 


RESULTS 


Differences in the ratio of optical density 560 myu/650 my 
measured in the final 1.5 N HCl, after 15 minutes of heating with 
FeCl;-HCl, are given in Table I. It isseen that the differences 
between 7-urobilin and d-urobilin are quite consistent, the ratios 
for both Hg and Hg types of d-urobilin being characteristic of 
glaucobilin. Identical results were obtained with the d-urobilin 
(Hy) provided by Professor Gray, both with the above method 
and with the additional dilution after heating (8). 

Typical spectra for differing periods of the reaction for the d- 
(H4) and 7- (Hg) forms are illustrated in Fig. 3. This shows 
the more rapid conversion of d-urobilin first to MBV then glauco- 
bilin. The formation of MBV from 7-urobilin is obviously slower, 
and even at 20 minutes, only a part of the MBV has been con- 
verted to glaucobilin. It is seen in Fig. 3 that both with d- and 
z-urobilin there is an early shift of maximum absorption from 560 
to 590 mp. The question arose whether this indicated MBP 
formation, or whether it was simply additive absorption between 
MBV and glaucobilin. It is seen in Table II and Fig. 4 that the 
spectra of MBV and MBP are quite similar, although the peak 
absorption of MBV is 562 muy, whereas that of MBP varies from 
580 to 594,in 1.5N HCl. <A mixture of MBV and glaucobilin in 
equal proportions exhibits spectral absorption (Fig. 4) entirely 
similar. to that observed after subjection of i-urobilin to the above 


TABLE I 
Color and ratio of optical density at 560 mp/650 mp after FeCl; and 
heat treatment of d- and 1-urobilins 
Measured in the final 5% HCl obtained by ether fractionation 
of the reaction mixture, as described under ‘‘Methods’’. 


t-Urobilin Color Color — Color 
0.85 Blue 0.45 Aqua 0.55 Aqua 
0.78 Blue 0.50 Aqua 0.48 Aqua 
0.88 Blue 0.45 Aqua 0.46 Aqua 
0.85 Blue 0.57 Aqua 0.45 Aqua 
0.96 Blue | 0.55 Aqua 
Average 0.86 : 0.50 Aqua 0.48 
0.47* Aqua 
| 0.44f Aqua 


* d-Urobilin (H4o) from Professor Gray, with our standard 


method. 
{ d-Urobilin (H4e) from Professor Gray, with amounts of re- 


agents used by Gray and Nicholson (8). 
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method with periods of heating up to 25 minutes, or d-urobilin 
with periods up to 60 minutes (Fig. 3). It was significant, how- 
ever, that the single violet zone obtained by Al.O3; chromatogra- 
phy after heating t-urobilin for periods of 15 to 25 minutes was 
found to have MBV rather than MBP absorption (Fig. 4). Also, 
like MBV, the material comprising this zone was readily ex- 
tracted from 1.5 n HCl by CHCl;. In agreement with the ob- 
servations of Lemberg (11), this is behavior unlike that of any 
of the mesobilipurpurins we have studied. It may be noted that 
the hydrochlorides of MBV and MBP in CHCI; both exhibit 
strong absorption at a maximum of 602 to 604 mu. 

Heating of 1-urobilin for longer periods (30 to 75 minutes) is 
clearly accompanied by some MBP and MCT formation as in- 
dicated by relatively strong absorption at 590 and increasing 
absorption at 490 my (10). Chromatography (Al.O3) of the 
reaction products from 2 mg of 1-urobilin after 40 minutes of 
heating provided three violet zones in addition to the glaucobilin 
~ gone. One had the typical absorption spectrum of MBP in 1.5 
n HCl (Fig. 4); another contained MBV and a small amount of 
MCT; the third appeared to contain a trace of glaucobilin with a 
mixture of MBP, MBV, and MCT. The spectroscopically 
homogeneous MBP (Fig. 4d) from this run was extracted by 
CHCl; from 1.5 Nn HCl only to a slight extent, corresponding in 
this regard also with known MBP (11). 

The appearance of MBP at 30 to 45 minutes of heating of 7- 
urobilin has been consistent. In Fig. 3 it is evident that glauco- 
bilin is not converted to MBP or MCT under the same conditions. 
Nor is glaucobilin from 7-urobilin (15 minutes of heating), after 
separation from MBV on Al,O3, converted to MBP by an addi- 
tional 30-minute period of heating. However, the MBV ob- 
tained from 7-urobilin after 15 minutes is converted by additional 


TABLE II 
Absorption spectra of mesobiliviolins and mesobilipurpurins 


Absorption maxima in my* 
No. Description 
CHCl | CHIOH 
1 | MBV from 7-urobilin, heated 562 562 
15 min 
MBV-HCI from i-urobilin, 603, 562 
heated 15 min 
3 MBV from 7-urobilin, heated 562 562'579, 626 
14 min 
4 Zone I (Al.0O; or MgO) 562/326, 558! 562.578, 627 
5 Zone II (Al.O;3 or MgO) 562'323, 558) 562.578, 627 
6 Zone I, repeated 15 minf 644 
7 Zone II, repeated 15 min 564 
8 MBV from d-urobilin, 562 
heated 14 min 
9 Repeated 15 min 643 
MBP: 
10 Zone I (Al2O3) 547/318, 540 594576, 624 
1] Zone II (Al.03) 543 318, 530 593 
MBP-HCI: 
12 Zone II (Al2Os3) 603, 562:318, 528 570, 620 
13 Zone III (Al2O3) 556/318, 540 588/580, 627 
14 Zone IV (Al.203) 318, 500 586'504, 621 


* Beckman model DK. 

t The repetitions in Nos. 6, 7, and 9 refer to a period of 15 min- 
utes of heating of the substance obtained chromatographically, 
in the FeCl3;-HCl-methanol reagent. 
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Fig. 4. Spectral distribution curves in 1.5 Nn HCl. Optical den- 
sity from above downward. a.MBV and glaucobilin, equal parts; 
b. MBP from HNO; treatment of glaucobilin; c. MBV from 7- uro- 
bilin, 15 minutes of heating with FeCl; reagent maximum 562 my; 
d. MBP from 7-urobilin, 45 minutes heating with FeCl; reagent, 
maximum 580 my; e. glaucobilin; f. MBP and glaucobilin mixture 
of b and e. 


heating. After 15 minutes the spectrum indicates an approxi- 
mately equal mixture of MBV and MBP, at 30 minutes a pre- 
ponderance of MBP (maximum 586 my), and at 45 minutes a 
mixture of MBP and MCT. The significance of this is con- 
sidered later. 

As noted in Fig. 5, MBP and MCT absorption also appear at 
60 to 75 minutes of heating of d-urobilin, but this is much less 
marked than in the case of i-urobilin. It is interesting that with 
d-urobilin the use of but 1 additional ml of concentrated HCl, 
added to the reaction mixture at the outset of heating, prevents 
any change in the glaucobilin spectrum even up to 75 minutes. 
This same addition greatly reduces MBP and MCT absorption 
from 1-urobilin. This may be related to prevention of undue 
concentration of FeCls. 

The MBYV obtained after 1.5 minutes of heating of d-urobilin, 
as eluted from Al,O3 columns was converted promptly and com- 
pletely to glaucobilin by 15 minutes of further heating with FeCl; 
in methanolic HCI whereas that from 7-urobilin was only partially 
converted. The MBYV still present in considerable amount after 
15 minutes of heating of 7-urobilin was converted to MBP and 
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i-U 75"(A) 


i-U 60'(B) 


i-U 75°(B) 


490 560590 650 900 490 560590 650 900 


Fic. 5. Spectral distribution curves in final 1.5 n HCl after re 
agent, periods as shown. Optical density from above downward 
Two hundred yg of d- or z-urobilin in each run; A with standard 
amounts of reagent (2 ml methanol; 1 ml 20 per cent FeCl; in con- 
centrated HCl); B 1 ml concentrated HCl added at outset of heat- 
ing. 


MCT, with little or no glaucobilin formation, by further FeCl;- 
HCl and heat (see above). Representative spectral distribution 
curves are seen in Fig. 6. It should also be noted that, with 
further heating of the MBV from the 15-minute v-urobilin ex- 
periments, some fading was often observed. 

At 1.5 minutes of heating the reaction mixture from 7-urobilin 
regularly provided two violet zones on either Al,O3; or MgO, 
Zone | moving down just above a small amount of glaucobilin, 
and Zone II remaining at or near the top of the column. In 
CHCl; these zones are spectroscopically identical (Table II). 
Their zinc complexes in alcoholic zine acetate both exhibit a blue 
solution with some intense red fluorescence having identical 
spectral absorption (Table II). Both zones behave as meso- 
biliviolins in the CHCl];-1% HCl test (11). The infrared spectra 
for the two zones have always differed significantly, but differ- 
ences have also been noted between comparable zones of differ- 
ent runs. This has not been explained. More important is the 
consistent observation in a number of runs that Zone I is in- 
variably converted to glaucobilin by a second (15 minute) period 
of heating with FeCl;-HCl mixture, whereas Zone II remains 
violet with absorption typical of MBV (Fig. 6). As seen in 
Table II the MBV (7-urobilin heated 15 minutes), although sim- 


ilar to MBP in respect to behavior on further heating for 15 


minutes, is spectroscopically distinct. 

Four MBP zones were obtained from <Al,03 columns after 
HNO; treatment of glaucobilin. Of these, Zone II comprised 
about 90%. Zone III (4%), although more nearly similar in 
absorption spectrum to MBYV, was distinct, as seen in Table II. 
It may also be noted in Table II that the zinc complex spectra 
are not distinctive. Their blue color and red fluorescence js 
entirely similar. The fact that the resistant or relatively stable 
MBV was obtained after 14 minutes of heating of 7-urobilin, 
before any appreciable glaucobilin formation, also provides 
strong evidence that it is not a mesobilipurpurin, which has been 


Mv from d-U 
reheated with 
FeCl, 


Mv from i-U 
reheated with 
FeCl, 


i-U 1.5‘ zone (1) 


i-U 1.5'zone (2) 


375 825s 900s my 


Fic. 6. Spectral distribution curves in 1.5 N HCl after reheating 
of MBV from d- and 7-urobilin, periods as shown. Optical density 
from above downward. The two lower curves were obtained after 
15 minutes of heating with FeCl; of the two MBV zones obtained 
by Al.O; chromatography of the MBV-glaucobilin mixture result- 
ing from 1.5 minutes of heating of 7-urobilin. 
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regarded as an oxidation product of glaucobilin (10). Further- 
more, the resistant MBV (Zone II on Al.O3 from 7-urobilin; 1.5 
minutes of heating) was chromatographically distinct and readily 
separated from any of the MBP zones obtained after HNOs; 
treatment of glaucobilin. With the above described method, 
whether with our d-urobilin (H4o) or that provided by Professor 
Gray, MBP has not been identified before 45 minutes of heating. 
As noted in the foregoing, its subsequent appearance is mini- 
mized if additional concentrated HCl is added at the outset. 
Using the additional dilution after heating, as employed by Gray 
and Nicholson (8) we have not observed MBV or MBP except 
where the amount of FeCl; was very small. Thus if 200 ug of 
d-urobilin were heated 15 minutes with 0.04 ml of 20% FeCl; in 
concentrated HCl, and 0.4 ml of methanol, 2.0 ml of H.O being 
added after heating, considerable MBV and glaucobilin were ob- 
served. These amounts of reagents are in proportion to those 
used by Gray and Nicholson for 2.5 mg of substance. The 
spectrum had maxima at 594 and 645 my. The violet com- 
ponent was readily separated and converted quantitatively to 
glaucobilin. ‘Thus the effect of reducing the FeCl; is entirely 
similar to a short period of heating, e.g. 14 minutes (see above). 
In other experiments, 1 ml of 25% FeCl; in 11 N HCl was re- 
fluxed for 15 minutes with 200 ug of d-urobilin in 2 ml of meth- 
anol. After dilution of this with HO, we have not observed the 
development of mesobiliviolinoid compounds as noted under 
these conditions by Gray®; the spectrum was that of pure glauco- 
bilin. 

In confirmation of previous findings (6) the infrared spectra 
of d-urobilin (H4o) and 7-urobilin (H4:) have been found indis- 
tinguishable in the region 2 to 15 4. Their strong absorption at 
8.65 w distinguishes them quite readily from /-stercobilin (H4). 
They both lack the strong absorption at 10.08 yu exhibited by bil- 
irubin and protoporphyrin, but not by mesobilirubin, nor by 
meso- or deuteroporphyrins.* This absorption is probably re- 
lated to the presence of vinyl groups (20). Both d- and 7-urobilin 
exhibit relatively weak absorption at 10.4 and 11.5 yw, not ob- 
served with bilirubin. 


DISCUSSION 


The consistent differences in rates of conversion of 7- and d- 
urobilin to MBV and glaucobilin under the influence of meth- 
anolic HCl, FeCls, and heat (Fig. 3), and the persistence of a 
considerable fraction of MBV even after prolonged heating of 
t-urobilin (I in Fig. 1) strongly indicates formation of differing 
mesobiliviolins. ‘The present data suggest that this involves at 
least 7-urobilin, and possibly d-urobilin as well. It is evident in 
Fig. 1 that the tautomeric change required for conversion of 
compound III, d-urobilin according to Siedel’ (17), or structure 
XII of Gray and Nicholson (8), to MBV (IV in Fig. 1), is rela- 
tively slight, involving a single proton transfer from bridge a to 
the nitrogen atom of pyrrol ring A. Nevertheless the more 
complicated series of transfers from structure II (Fig. 1) sug- 
gested by Gray and Nicholson must be considered in relation to 
the rapid conversion of d-urobilin to glaucobilin. Thus it is 
evident, that if the monoviny! structure (II) for d-urobilin is 


ication 


5 Personal cx 

6 Mesoporphyrin 9 dimethylester exhibits weak absorption at 
10.15 to 10.2 yu. 

7 The structure postulated by Siedel (17) was lactim in pyrrol 
nucleus D, whereas according to recent studies (19) the bislactam 
formulae (Fig. 1) are probably correct. 
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correct, there might well occur a more rapid conversion to 
glaucobilin over mesobiliviolinoid intermediary compounds. 
During the series of proton transfers ultimately converting vinyl 
to ethyl, and d-urobilin to MBV, a simultaneous or prior oxida- 
tion of bridge c might also occur. Although, as Gray and 
Nicholson (8) have shown, d-urobilin is converted to MBV under 
conditions in which oxidation is excluded, the present FeCl; 
method would doubtless provide it. If the c bridge in a mono- 
vinyl d-urobilin (Il) were oxidized at the outset a monovinyl 
mesobiliviolinoid compound would result (8). This would be 
expected to be more stable than the proton transfer intermedi- 
aries shown in Fig. 1. All would have the diene structure com- 
patible with a mesobiliviolin chromophore. Completion of the 
proton transfer, with the c bridge oxidized at the outset, would 
result in glaucobilin formation (V). If the same type of tautom- 
erism were to occur with the vinyl group in the 8 rather than 
2 position a mesobilirhodinoid isomer would be formed (8). 
More recently Gray and associates® have described formation of 
mesobilirhodin from d-urobilin, without oxidation, by methanolic 
sodium hydroxide. They point out the possible significance of 
this finding with respect to locating the unsaturation in d-uro- 
bilin, z.e. that the extra double bond is more likely in or attached 
to pyrrol ring D (II in Fig. 1). Although we have regularly ob- 
tained some MBR following application of Siedel’s method to 
relatively large amounts of mesobilirubinogen, the proportion 
with that of MBV is small, in accordance with Siedel’s observa- 
tion (12). With the present FeCl; treatment, starting with 0.2 
to 2.0 mg of 7- or d-urobilin, MBR has not been identified chroma- 
tographically in more than trace amounts. ‘The infrared spec- 
trum of the MBV from d-urobilin (14 minutes heating) has not 
shown the absorption at 10.08 u presumed to be related to vinyl 
groups. As noted above, however, d- and 2-urobilin are indis- 
tinguishable on the basis of infrared spectrum; thus if d-urobilin 
is &@ monovinyl compound, it is evident that a corresponding 
MBV could scarcely be excluded in this manner. Gray® men- 
tions that the vinyl groups in bilirubin are conjugated with 
a-dipyrrylmethene groups, whereas that postulated for d-uro- 
bilin is related to an isolated pyrrolenone ring; thus the two com- 
pounds may not be comparable from the standpoint of infrared 
spectra. 

Although a formation of labile mesobiliviolinoid intermediaries 
(see above) might account for the more rapid formation of glauco- 
bilin from d-urobilin, it is highly unlikely that they could explain 
the differences observed between the MBV obtained after 14 
minutes of heating of d-urobilin and that after 15 minutes of 
heating of 7-urobilin. Such structures would scarcely be suf- 
ficiently stable to allow extraction and chromatographic study as 
for example that in which the MBV from d-urobilin (14 minutes 
of heating) and 7-urobilin (15 minutes of heating) or the two 
MBV zones from 7-urobilin (14 minutes of heating) were obtained 
for comparison, and especially as to the effect of a further period 
of treatment with the FeCl; mixture (Fig. 6). The present study 
reveals that FeCl; treatment of 7-urobilin yields the ordinary ~ 
MBV (IV in Fig. 1) which is rapidly changed to glaucobilin; 
also a second mesobiliviolinoid compound which on further heat- 
ing with the FeCl; reagent is converted directly to a mesobili- 
purpurin, and this in turn to mesocholetelin (10). The identifi- 
cation of these compounds rests upon spectral characteristics 
and comparison with MBP and MCT obtained by HNO; oxida- 
tion of glaucobilin. The relative insolubility of MBP in CHCl, 


8 Personal communication. 
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on shaking with 1% HCl, was also noted. The glaucobilins 
formed from d- and 7-urobilin are identical (2). In the present 
study the infrared spectra have been found identical and neither 
is converted to MBP by heating with FeCls3, under present con- 
ditions. The structure of the second relatively stable mesobili- 
violinoid compound obtained from 7-urobilin is unknown. 
Structure VI* in Fig. 1 might be expected to have such charac- 
teristics. It is evident that 2 mesobilipurpurin derived from it 
would differ from structure VII, the mesobilipurpurin obtained 
by oxidation of glaucobilin (10). 

Structure III in Fig. 1, essentially similar to that proposed by 
Siedel for d-urobilin (see above) is more compatible with the in- 
frared identity of the d- and 7i-forms. This formula was also 
considered by Gray and Nicholson but was regarded as less 
likely on the grounds that biliverdin, with a hydrogen atom on 
the nitrogen atom of ring D, would not be expected to tautom- 
erise readily. It may be noted, however, that d-urobilin forma- 
tion, at least up to the present, has been effected only by bacterial 
activity. Gray’ has also commented on this point. 

It is noteworthy that MBV is most difficult to obtain in crystal- 
line form (18) although Siedel and Mller (15) described crystals 
of the ester hydrochloride. The difficulty is perhaps not sur- 
prising in view of the present finding that the MBV from 7-uro- 
bilin is composed of two different compounds. Since MBV from 
d-urobilin appears to be more homogeneous, at least chromato- 
graphically, it might be expected to crystallize more readily. 
However, this has not yet been observed. 

It is interesting and significant that the d-urobilin (Hq) ob- 
tained by catalytic hydregenation of d-urobilin (Hg) and I. treat- 
ment of the resulting Hy chromogen, is indistinguishable from 
d-urobilin (H4), on the basis of behavior toward FeCl;-HCl and 
heat under the same conditions which serve to distinguish 1-uro- 
bilin (see above). It remains to be determined whether d-uro- 
bilin (Hg) or d-UBG (Ha) occur in nature. 

The present results do not permit decision as to whether d-uro- 
bilin (Hg) has the monoviny] structure suggested by Gray and 
Nicholson (8) or the diethyl structure proposed by Siedel (17), 
although they are perhaps in better accord with the latter. 


SUMMARY 


1. Treatment of d- and 7-urobilin with FeCl; in methanol-HCl 
and heat consistently reveals differences in rate of formation, as 
well as relative yields of mesobiliviolin and glaucobilin. 

a. Mesobiliviolin formation from d-urobilin is rapidly super- 
seded by that of glaucobilin. Mesobiliviolin and glaucobilin 
both form more slowly from 7-urobilin. After 15 minutes of 
heating, considerable mesobiliviolinoid pigment remains. The 
ratio of absorption 560 my/650 my is 0.75 to 0.9, while with 
d-urobilin it ranges from 0.4 to 0.5, characteristic of pure glauco- 
bilin (mesobiliverdin). 

b. The single mesobiliviolin formed by 1.5 minutes of heating 


* This was suggested by Professor Stuart Fenton, School of 
Chemistry, University of Minnesota. Professor Fenton’s advice 
is gratefully acknowledged. 

10 Personal communication. 
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of d-urobilin, after separation on Al.O3, is rapidly converted to 
glaucobilin on further treatment with FeCl; and heat, in meth- 
anol-HCl. Of two mesobiliviolins separable on Al,O3 or MgO 
after 1.5 minutes of heating of t-urobilin with FeCl;, one be- 
haves similarly to that obtained from d-urobilin, in being con- 
verted rapidly to glaucobilin. The identity of this glaucobilin 
with that obtained from d-urobilin, has been confirmed. The 
second mesobiliviolinoid pigment obtained from 7-urobilin is not 
converted to glaucobilin on further FeCl; treatment but gives 
rise to a mesobilipurpurin-mesocholetelin mixture as identified 
by spectral and solubility characteristics. 

2. The above and other spectral observations together with 
structural considerations reveal the formation of differing meso- 
biliviolinoid substances from 7-urobilin, one the conventional 
form readily converted to glaucobilin, and another, a more sta- 
ble tautomer resistant to FeCl; oxidation under the conditions 
described here. 

3. The infrared spectra of d- and 7-urobilin fail to exhibit the 
strong absorption at 10.08 yw characteristic of bilirubin, biliver- 
din, and protoporphyrin, but not observed with mesobilirubin, 
meso- and deuteroporphyrins. 


Acknowledgments—The assistance of Page Edmondson in pre- 
paring the various recordings of absorption spectra and of How- 
ard Dinsmore in the study of the infrared spectra is gratefully 
acknowledged. 
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Previous studies in this series (1, 2) have established that an 
enzyme fraction, obtained from the nicotine-oxidizing bacterium 
P-34, catalyses the oxidation of nicotine and 6-hydroxynicotine 
with the consumption of 1 umole and 0.5 umole of oxygen, re- 
spectively, per wmole of substrate. This paper reports on the 
isolation of the product of nicotine and 6-hydroxynicotine oxida- 
tion by the above mentioned enzyme fraction and the identifica- 
tion of the isolated compound as 6-hydroxypseudooxynicotine. 


EXPERIMENTAL 


The preparation of cell-free extracts, ultraviolet spectropho- 
tometry, paper chromatography, optical rotation, and melting 
point determinations as well as manometric determinations of 
oxygen consumption and carbon dioxide release were performed 
as previously described (1, 2). Ammonia was collected by the 
Conway microdiffusion technique (3), and determined by direct 
nesslerization of the trapped ammonia. 

6-OHN! was isolated from growth medium as the silicotungstic 
acid salt and purified by a modification of the previously de- 
scribed method (2). A solution of the free base, regenerated from 
its silicotungstic acid salt (4), was acidified with hydrochloric 
acid to pH 2, and placed on a Dowex 50 column in the hydrogen 
form (1.5 * 21em). The column was washed with water until 
the effluent exhibited a low and constant absorbancy at 232 and 
295 mu. A gradient elution schedule was then initiated em- 
ploying 3 M ammonium hydroxide in the reservoir and 2.5 liters 
of distilled water in the mixing chamber. Fractions were col- 
lected in 18-m] lots; after 216 ml of effluent had been collected, 
6-OHN, as judged by the increase in absorbancy at 232 and 295 
mu, appeared in the following 108 ml. The fractions containing 
6-OHN were pooled, acidified to pH 2 with hydrochloric acid, 
and evaporated to dryness. 6-OHN was extracted from the dry 
residues with boiling Skellysolve B and crystallized from the 
same solvent. 


RESULTS 


Oxidation of 6-OH N—The 40-60 fraction,? which catalyzed the 
aerobic oxidation of nicotine only in the presence of methylene 
blue (1), oxidized 6-OHN in the absence of the dye. Oxidation 


* This work was supported by a grant from the Tobacco In- 
dustry Research Committee. 

t Present address, Biochemical Research Laboratory, Elgin 
State Hospital, Elgin, Illinois. 

1 The abbreviations used are: 6-HPO, 6-hydroxypseudooxynico- 
tine; 6-OHN, 6-hydroxynicotine. 

? That portion of the crude extract which precipitated at 40 to 
60 per cent saturation with respect to ammonium sulfate is desig- 
nated as the 40-60 fraction. 


ceased after the consumption of 0.5 umole of oxygen per umole 
of 6-OHN. No production of carbon dioxide or of significant 
quantities of ammonia was observed (Table I). 

The rate of oxidation exhibited a marked dependence upon 
pH. When determined in Tris-maleate buffer, the optimum oc- 
curred at pH 8 (Fig. 1). 6-OHN oxidation was a function of 
the enzyme concentration up to 1.05 mg protein per ml of reac- 
tion mixture (Fig. 2). When the enzyme concentration was at 
excess (3.7 mg protein per ml of reaction mixture), the rate of 
6-OHN oxidation was independent of the substrate concentration 
over the range tested (7 10-4m to 1.05 m). 

At the termination of 6-OHN oxidation, reaction mixtures con- 
tained a substance having an absorption maximum at 289 my 
when determined in 0.1 N hydrochloric acid. When the spectra 
were determined in 0.1 N sodium hydroxide, the maximum ex- 
hibited a reversible bathochromic shift to 310 my. Identical 
absorption characteristics were exhibited by reaction mixtures 
obtained by incubating nicotine with crude enzyme and meth- 
ylene blue and stopping the oxidation when 1 umole of oxygen 
per umole of nicotine had been consumed. Three volumes of 
0.1 N HCl were added to samples of both types of reaction mix- 
tures and the precipitated protein was removed by centrifuga- 
tion. Portions of the supernatant were spotted on Whatman 
No. 1 paper and chromatographed with butanol-benzene-0.2 m 
sodium acetate buffer, pH 5.6 (85:5:30) as the solvent and Drag- 
endorff’s reagent as the indicator. Both types of reaction mix- 
tures contained a compound of Ry, 0.09, which was not evident 
in mixtures devoid of substrate. In the solvent system used, 
nicotine and 6-OHN had Rp values of 0.32 and 0.15, respec- 
tively. These data indicate that the compounds formed by 
the crude extract, at the expense of nicotine, and by the 40-60 
fraction, at the expense of 6-OHN, were identical. 

Enzymatic Synthesis and Isolation of Product—In a typical ex- 
periment, the following components were added to each of two 
250-ml Erlenmeyer flasks: 1250 umoles of 6-OHN, previously 
adjusted to pH 7.9 with hydrochloric acid; 2 ml of a 40-60 frac- 
tion (116 mg of protein); and water to a total volume of 20 ml. 
The flasks were shaken in a 30° water bath. The reaction was 
followed manometrically by simultaneously incubating 2 ml of 
the above reaction mixture in a Warburg flask. When oxidation 
ceased, the reaction mixtures were pooled, brought to 70° for 5 
minutes, and the denatured protein was removed by centrifuga- 
tion? The clear supernatant was lyophilized and the residue 


3 Failure to immediately denature the enzyme at this stage re- 
sults in the formation of a blue pigment. This pigment formation 
in nicotine degradation will be discussed in a subsequent publica- 
tion. 
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TABLE I 90 7 
Oxidation of 6-OHN by 40-60 Enzyme Fraction 
The complete system contained the following in a total volume 
of 2.0 ml: 14 uwmoles of 6-OHN; 1.25 uwmoles of methylene blue 
(MB); 10 umoles of potassium phosphate buffer, pH 7; 2.1 mg of a 
40-60 fraction. Gas phase air; 30°. The 40-60 fraction was dia- z 
lyzed overnight against distilled water. Ty 
e 
»Moles per umole of 6-OHN 
Condition a 
| | NH formed 
Complete system 0.52 0 
Minus 6-OHN 0 0 e 
Minus MB 0.46 0 0.20 J 
Minus MB and 6-OHN 0 0 0.18 — 
| | 
60 fe) 1 2 3 4 
MG PROTEIN 
Fic. 2. The effect of enzyme concentration on the oxidation of 
50;r—- A 6-OHN. The reaction mixtures contained the following in a total 
volume of 2.0 ml: 6-OHN, 14 wmoles; Tris-maleate buffer, pH 8.0, 
100 wmoles; and 40-60 fraction protein as indicated. Gas phase 
air, 30°. 
= 40r- 
_— a nonresinous fraction of high absorption was redissolved in acid 
= ethanol, decolorized with Norit A, and reprecipitated with ethy] 
o ether as above. The final product, 46 mg, consisted of white 
<n 2 crystalline needles that melted at 157-158° (uncorrected). 
= The isolated product had a single absorption maximum whose 6 
a. position was pH dependent (Fig. 3). Ata pH of less than 8 the 
NN 20/r- peak occurred at 289 mu (€ = 16,000), at a pH between 8 and ; 
o 12 at 328 mu (€ = 22,000), and at a pH greater than 12 at 310 "i 
my (€ = 21,000). el 
2 The absorption spectrum of the isolated product suggested the 
1Or— presence of a new double bond in conjugation with the pyridine 
ring (5). This, coupled with the stoichiometry of oxygen con- 6. 
sumption and the failure to detect optical activity in the product A 
0 | | further indicated that oxidation resulted in the destruction of * 
5 6 7 8 9 the molecule’s center of asymmetry located at carbon 5 of the 6 
pyrrolidine ring. Dehydrogenation at this position would yield 
pH 6-hydroxy-N-methylmyosmine; however elemental analysis‘ in- é 
Fig. 1. The effect of pH on the oxidation of 6-OHN. The re- dicated than an hydrolytic as well as an oxidative step had oc- 7 
action mixtures contained the following in a total volume of 2.0 curred and suggested that the product isolated was a dihydro- 
ml: 6-OHN, 14 wmoles; Tris-maleate buffer, 100 umoles, at the de- chloride of 6-HPO: Bt 
sired pH; 40-60 fraction, 1.4 mg protein. Gas phase air, 30°. es 
CioHigN202-2HCI b 
extracted with 50 ml of absolute ethanol previously acidified with . | 
dry hydrochloric acid. The alcoholic extract was warmed and ee ft 
anhydrous ethyl ether was slowly added with constant shaking Found: C 45.44, H 5.95, N 10.55, Cl 27.27 n 
until a permanent faint turbidity was obtained. The solution : (; 
then was cooled to room temperature and placed at —10° for at The identity of the isolated product was established as 6- b 
least 12 hours. The resulting precipitate was filtered, washed HPO by comparing it to the product of the enzy matic hy- sl 
with cold (—10°) absolute ethanol, and dried ina vacuum. The droxylation of pseudooxynicotine.* The enzyme fraction em- t] 
washings and the filtrate were combined and the ether precipita- | Ployed has been shown to hydroxylate * number of compounds EF 
tion repeated through several cycles until further treatment failed — Telated to nicotine, including pseudooxynicotine, at the 6-position a 
to yield a precipitate (total yield of material was 695 mg). The Of the pyridine ring (6). It was found that following hydroxyla- 6 
initial precipitates in a series were usually somewhat resinous tion of pseudooxynicotine, the original absorption maxima lo- 
and dark colored. Succeeding fractions became lighter in color cated at 223 my and 264 my were replaced by a single maximum 
and amorphous, or even crystalline, if the ether additions were ‘The analysis was performed by Dr. A. Elek, Elek Micro Ana- f 
carefully controlled, and, in 0.1 HCI, they showed a progressive lytical Laboratories, Los Angeles, California. b 
increase in absorption at 289 mu. A small portion, 75 mg, of 5 Kindly supplied by Dr. C. H. Rayburn. o 
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Fia. 3. The absorption spectrum of the isolated product. 0.1 
xn HCl, @——@; pH 10.6, O——-O; 0.1 N NaOH, X——-X. 


whose location depended upon pH in a manner identical to the 
behavior of the product of 6-OHN oxidation. In addition, the 
chromatographic characteristics of the products from both sub- 
strates were identical (Table II). 

Metabolism of 6-H PO—Nicotine-grown resting cells oxidized 
6-HPO at approximately the same rate as they oxidized nicotine. 
At the cessation of oxidation, oxygen consumption was 6.3, 5.7, 
and 5.3 wmoles of oxygen per umole of nicotine, 6-OHN, and 
6-HPO, respectively (Fig. 4). 

. Crude cell extracts, which oxidized nicotine with the consump- 
tion of 2.1 wmoles of oxygen per umole of nicotine, oxidized 6- 
HPO with the consumption of 1 umole of oxygen per umole of 
substrate. The rate of oxidation of 6-HPO and nicotine were 
essentially identical after oxidation of the latter had proceeded 
beyond 0.5 umole of oxygen per umole of nicotine (Fig. 5). 

When 6-HPO was incubated with an unsupplemented 40-60 
fraction, no oxygen consumption was observed but a blue pig- 
ment apparently identical to that found in the growth medium 
(7) was observed. If the 40-60 fraction was supplemented with 
brilliant cresyl blue, oxidation of 6-HPO occurred with the con- 
sumption of 0.5 umole of oxygen per umole of substrate. In 
the presence of methylene blue,* the 40-60 fraction oxidized 6- 
HPO to various oxidation states; oxidations consuming as little 
as 0.5 umole and as much as 1.5 wmoles of oxygen per umole of 
6-HPO have been observed with different preparations. 

After oxidation of 6-HPO by the 40-60 fraction in the presence 


6 Contrary to what had previously been observed (1) the 40-60 
fraction prepared from most batches of cells will oxidize nicotine 
beyond the oxidation state of 6-HPO (1 umole of oxygen per 
umole of nicotine) in the presence of methylene blue. 
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TABLE II 


Comparison of products derived from 6-OHN oxidation and 
pseudooxynicotine hydroxylation 


The hydroxylation of pseudooxynicotine was carried out in the 
following manner: 10 umoles of pseudooxynicotine, 0.125 umole of 
methylene blue, 10 umoles of potassium phosphate buffer, pH 7.0, 
and the ‘‘hydroxylating enzyme”’ were incubated in a total volume 
of 2.0 ml at 30° until oxidation ceased (0.45 umole oxygen per 
umole of pseudooxynicotine). Aliquots of the reaction mixture 
were adjusted to the appropriate pH with HCl or NaOH as re- 
quired and the absorption spectrum was determined. For chro- 
matography, the acidified reaction mixture was spotted on What- 
man No. 1 paper and developed in butanol-ethanol-water (42: 
42:16). The spots were visualized by spraying the paper with 
Dragendorff’s reagent. Under these conditions, pseudooxynico- 
tine has an Fp of 0.96. 


Absorption maximum Ey 
Product source Re 
mu mu my 
289 328 310 1.16 | 1.10 | 0.91 
Pseudooxynicotine...| 289 328 310 | 1.17 | 1.09 | 0.91 
NICOTINE 
6 — 
6-OHN 
6-HPO 
Ge 
@ 
= 
=, 
ce 
uJ 
a. 
WN 
= 
60 90 120 150 


TIME IN MIN. 


Fic. 4. The oxidation of nicotine, 6-OHN, and 6-HPO by nico- 
tine-grown resting cells. The reaction mixtures contained the 
following in a total volume of 2.0 ml: potassium phosphate buffer, 
pH 7, 70 umoles; 0.25 ml of an 18-hour culture of nicotine-yeast 
extract grown cells (strain P-34) equivalent to 731 Klett turbidity 
units (No. 60 filter); and either nicotine, 4 wmoles; 6-OHN, 4.5 
pmoles; or 6-HPO, 1.9 umoles as noted. Gas phase air, 30°. Data 
corrected for autorespiration. 
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JJMOLES PER JJMOLES SUBSTRATE 


TIME IN MIN. 


Fic. 5. The oxidation of 6-HPO and nicotine by crude cell ex- 
tracts. The reaction mixtures contained the following in a total 
volume of 2.0 ml: potassium phosphate buffer, pH 7.0, 100 umoles; 
methylene blue, 0.625 umole; crude enzyme, 5 mg protein; and 
where indicated, nicotine, 4 wmoles, @——@; or 6-HPO, 5.6 
pmoles, O——O. Gas phase air, 30°. 


of brilliant cresyl blue, the reaction mixture showed a new and 
intense absorption maximum located at 360 my. Concomi- 
tantly, no Dragendorff positive material could be detected on 
paper chromatograms. These changes are presumably associ- 
ated with the formation of the third oxidative product, the iden- 
tification and isolation of which are presently being studied in 
this laboratory. 
DISCUSSION 


The identification of 6-HPO as a product of nicotine degrada- 
tion suggests that the bacterium P-34 metabolizes nicotine by a 
heretofore unreported pathway. Although 6-OHN had previ- 
ously been found as a product of nicotine degradation (8), its 
further metabolism was reported to involve an attack upon the 
hydroxylated pyridine ring to yield a glutaconic acid derivative 
with an acid absorption maximum at 290 my which underwent a 
bathochromic shift to 300 mu when the spectrum was determined 
in sodium hydroxide. This compound, although having absorp- 
tion characteristics somewhat similar to those reported here for 
the product of 6-OHN oxidation, differs from 6-HPO in the fol- 
lowing properties: the reported acid-base shift in absorption 
spectrum is not reversible (9); it reacts with ninhydrin; and ana- 
lytical data indicate the presence of only one nitrogen in the 
molecule (8). 

It is of interest to note that 6-hydroxymyosmine has been 
reported to be a product of the bacterial oxidation of nornicotine 
(10). This suggests that nornicotine is degraded in a manner 
similar to that reported for nicotine in this paper. However, 
since neither myosmine nor 6-hydroxynornicotine was detected, 
it is not clear whether nornicotine was initially hydroxylated and 
then dehydrogenated, or whether dehydrogenation preceded hy- 
droxylation. Thus it is not possible to establish a formal analogy 
between the degradative pathways of nicotine and nornicotine, 
although the results are highly suggestive. 
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(1) (0) 
-H_O +H,O \ 
2 2 
(?) 
(?) 
CO- CH,-NH* CH, 


(A) 


CH,-NH- CH, 
N (IZ) 


Fig. 6. Summary of reactions discussed. J, 6-hydroxynicotine; 
II, 6-hydroxy-N-methylmyosmine; JJ], 6-hydroxypseudooxynico- 
tine; IV, pseudooxynicotine; A, hydroxylating enzyme; X, 3rd 
oxidative product of nicotine degradation. 


The isolation of 6-HPO after the one-step oxidation of 6~-OHN 
raises the question as to the nature of the immediate product of 
6-OHN oxidation, since an examination of the structure of these 
compounds (Fig. 6) suggests that an intermediate exists between 
them. For reasons already mentioned, 6-hydroxy-N-methyl- 
myosmine could be the intermediate. Its conversion to 6-HPO 
need not be enzymatic since as an a-pyrroline derivative it might 
be expected to be hydrolyzed spontaneously under physiological 
conditions to 6-HPO. Thus, an analogous compound, myos- 
mine, was reported to undergo instantaneous hydrolysis in water 
to 3-pyridyl-w-aminopropy! ketone (11). The reverse type of 
change, cyclization of the ketone pseudooxynicotine to methyl- 
myosmine, occurs with alkalinization (12). 

It is therefore not certain whether 6-HPO is a true intermediate 
in nicotine degradation or whether it is formed either because 6- 
hydroxy-N-methylmyosmine cannot be further oxidized in the 
reaction system devised for its accumulation or because 6-HPO 
is an artifact of the purification procedure used. Although pos- 
sibly not stable in the free state under physiological conditions, 
6-hydroxymethylmyosmine attached to an enzyme could be suffi- 
ciently stable to allow its further metabolism without the forma- 
tion of 6-HPO. These possibilities are shown in Fig. 6. That 
6-HPO is oxidized by resting cells and cell-free extracts in a 
manner consistent with its being an indermediate in nicotine deg- 
radation is not conclusive evidence on this point since one can 
postulate an equilibrium between the ketone and the myosmine 
derivative. It is hoped that identification of compounds further 
along the metabolic chain will ultimately allow a decision be- 
tween these possibilities. 


SUMMARY 


An enzyme fraction has been obtained from a nicotine-oxidiz- 
ing soil bacterium which catalyzes the aerobic oxidation of 6- 
hydroxynicotine with the consumption of 0.5 umole of oxygen 
per umole of substrate. The product isolated from this reaction 
has been identified as 6-hydroxypseudooxynicotine on the basis 
of elemental analysis, ultraviolet absorption spectra, and simi- 
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larity to the product of pseudooxynicotine hydroxylation by an 
enzyme fraction which is known to catalyze hydroxylation at the 
six position of the pyridine moiety. 

Resting cells, crude extracts, and an ammonium sulfate frac- 
tionated extract of the nicotine-oxidizing organism oxidize 6- 
hydroxypseudooxynicotine. Under the appropriate conditions, 
oxidation by the fractionated extract ceases after the consump- 
tion of 0.5 umole of oxygen per umole of 6-hydroxypseudooxy- 
nicotine to yield a new ultraviolet absorbing substance which 
could be the third oxidative product of nicotine degradation. 

The relation of 6-hydroxypseudooxynicotine to 6-hydroxy-N- 
methylmyosmine and the possible role of these compounds as 
intermediates in nicotine metabolism are discussed. 
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Dawson et al. (1) have shown that the pyridine ring of nico- 
tinic acid is utilized to form the pyridine ring of nicotine in 
sterile cultures of tobacco root. Since studies with animals and 
some microorganisms have demonstrated that tryptophan is 
converted to nicotinic acid (2), tryptophan might reasonably be 
expected to yield the pyridine ring of nicotine. However, exper- 
iments have shown conclusively that in tobacco and some other 
higher plants there was essentially no conversion of C'*- or trit- 
ium-labeled tryptophan to compounds containing the pyridine 
ring (3, 4, 5). It was, therefore, necessary to examine other 
compounds as possible intermediates in the biosynthesis of the 
ring systems of nicotine. The methyl carbon of acetate, but 
not the carboxyl carbon, recently was shown to yield nicotine 
labeled significantly in the pyridine ring (6). This finding led 
to the postulate that in some higher plants the pyridine ring 
may be synthesized from simple metabolic intermediates related 
to acetate. 

The present study is an investigation of the incorporation of 
several C-labeled compounds, which might be interconvertible 
with acetate in metabolism, into nicotine in intact tobacco plants. 
In addition, a partial degradation of nicotine which allows for 
isolation of carbon from the 3 position of the pyridine ring is 
described. 


EXPERIMENTAL 


Necotiana rustica plants were grown for 2 to 3 months in a 
greenhouse to a height of 12 to 15cm. They were taken from 
the greenhouse, the roots were removed and discarded, and the 
plants were placed in an inorganic nutrient solution (7) to allow 
new roots to develop. <A period of 2 weeks was usually sufficient. 
The radioactive compounds were fed to the plants by the hydro- 
ponic technique described previously which insures absorption 
of the isotope in 3 to 4 hours (3). Each plant was supplied with 
2.44 X 10-* moles of a given compound with a specific activity 
of 4.10 108 ¢.p.m. per mmole. 

The plants were harvested 7 days after administration of the 
labeled precursor, and nicotine was isolated and purified as the 
dipicrate (7). 

Oxidation of Pyrrolidine Ring of Nicotine 

Oxidation of Nicotine to Nicotinic Acid—The oxidation of nico- 
tine to nicotinic acid, which has been described in detail previ- 
ously (8), involves the use of neutral potassium permanganate 
and results in the formation of potassium nicotinate, potassium 


bicarbonate, and methyl amine (9). Carbon dioxide, which 
represents carbons 3, 4 and 5 of the pyrrolidine ring, was liber- 


* This work was supported by a grant from the Tobacco In- 
dustries Research Committee. 


ated by addition of nitric acid and was collected as barium car- 
bonate. Nicotinic acid was isolated as the silver salt. This was 
decomposed with hydrogen sulfide, and the nicotinic acid was 
purified by three to five sublimations (140° at about 1 mm Hg). 
The melting point of nicotinic acid prepared in this’way was 
232 to 233°! (recorded m.p. 232°). 

Decarboxylation of Nicotinic Acid—Nicotinic acid was de- 
carboxylated by dry distillation of its calcium salt (10). Pyri- 
dine was recovered and purified as the picrate. The residue 
from the distillation was acidified yielding carbon dioxide which 
was collected as barium carbonate. This carbonate represented 
carbon from the 2 position of the pyrrolidine ring. 


Oxidation of Pyridine Ring of Nicotine 

Preparation of Nicotine Isomethiodide Hydriodide(1-methyl-3- 
(2’-(1’-methylpyrrolidyl)) Pyridinium Iodide Hydriodide) I—Nic- 
otine was degraded to isolate carbon from the 3 position of the 
pyridine ring by the series of reactions shown in Fig. 1. As the 
first step in the degradation, nicotine was methylated by the 
procedure reported by Pictet and Genequand (11). In a typical 
experiment, nicotine, 1.90 g, was dissolved in 50 ml of water, and 
2 ml of 47% hydrogen iodide were added. The final pH of the 
solution was 5.2. Water was removed under reduced pressure 
and residual nicotine hydriodide dissolved in 50 ml of methanol. 
The solution was cooled in an ice bath and 2.0 g of methyl] iodide 
were added. The reaction mixture was refluxed for 12 hours. 
Upon cooling the mixture, nicotine isomethiodide hydriodide 
crystallized as yellow needles and was collected on a sintered 
glass filter. After two additional recrystallizations, the melting 
point of the compound was 220 to 222° (reported m.p., 209° (11)). 
The yield was 3.85 g (76%). 


Ci (432.2) 
Calculated: C 30.57, H 4.21, N 6.49, I 58.74 
Found: C 30.58, H 4.28, N 6.58, I 58.68 


Unchanged nicotine was recovered from the methanolic filtrates 
as the dipicrate. About 10% of the original nicotine could be 
recovered in this way. 

To confirm the identification of nicotine isomethiodide hydrio- 
dide, the hydriodide was converted to nicotine isomethiodide by 
treatment of 2 g of the preparation with 20 ml of a saturated 
solution of sodium carbonate. The solution was heated gently 
and the water removed under reduced pressure. The dry residue 
was extracted with chloroform and the chloroform removed by 
evaporation. This residue was extracted with about 10 ml of 
methanol. Nicotine isomethiodide precipitated from the meth- 


1 All melting points were uncorrected. 
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anolic solution as small pale yellow platelets on standing at 5° 
after addition of diethyl ether. The yield was 1.2 g (86 per 
cent) and the melting point 165 to 165.5° (reported, 164° (11)). 


Cy,HiNoel (304.2) 
Calculated: C 43.42, H 5.64, N 9.21, I 41.72 
Found: C 43.42, H 5.68, N 9.21, I 41.48 


Preparation of L-Hygrinic Acid (1-Methylpyrrolidine-2-car- 
boxylic Acid) IJI—The method used for the preparation of 
hygrinic acid was essentially that of Karrer and Widmer (12). 
In a usual experiment, nicotine isomethiodide hydriodide (3.80 
g) was dissolved in 34 ml of water, and 29 ml of a solution of 
potassium ferricyanide (30 g per 100 ml) were added. The solu- 
tion was cooled in an ice bath, layered with 50 ml of benzene, 
and 29 ml of 12 m potassium hydroxide were added in small in- 
crements with stirring. The reaction mixture was warmed to 
room temperature, saturated with potassium carbonate and ex- 
tracted with 300 ml of benzene. The benzene was removed 
under reduced pressure, and the residual oil, impure N-methyl- 
nicotone (I1), was oxidized with chromic acid without further 
purification. ‘To accomplish the oxidation, the N-methylnico- 
tone was dissolved in 8 ml of water, 29 ml of chromic acid solu- 
tion (15 g chromium trioxide and 23 g sulfuric acid per 100 ml) 
were added, and the mixture was refluxed for 5 hours. The ex- 
cess of chromate was then reduced by the addition of sulfur di- 
oxide, and the excess of sulfur dioxide was expelled by gentle 
boiling. A hot, saturated barium hydroxide solution was added, 
carefully avoiding an excess, to precipitate hydrous chromic oxide 
and barium sulfate. The bulky precipitate was collected on a 
sintered glass filter and washed with 200 ml of hot water. The 
combined filtrates were concentrated to a volume of 25 ml under 
reduced pressure, and an excess of copper carbonate was added. 
This mixture was boiled for 2 minutes and the excess copper car- 
bonate filtered. The filtrate was evaporated to dryness and the 
cupric hygrinate was extracted from the residue with anhydrous 
chloroform. The copper salt was precipitated from the chloro- 
form solution by addition of ether, filtered, dissolved in water, 
and the cupric ion was precipitated by hydrogen sulfide. The 
filtrate was evaporated to dryness under reduced pressure, and 
the residual L-hygrinic acid was crystallized from an alcohol- 
ether solution. Further purification was attained by vacuum 
sublimation (95° at 1 mm Hg) and an additional recrystallization 
from alcohol-ether. When t-hygrinic acid was dried over mag- 
nesium perchlorate for 24 hours, the melting point was 115 to 
116°. Areported value for the monohydrate is 116° (12). How- 
ever, when L-hygrinic acid was dried for 10 hours under reduced 
pressure at 63°, the melting point of the anhydrous material was 
144 to 145°. The reported melting point of pL-hygrinic acid is 
164° (13). The yield of the anhydrous acid was 36 mg (2.6 per 
cent). 


(129.2) 
Calculated: C 55.79, H 8.59, N 10.85 
Found: C 55.61, H 8.54, N 10.39 


The neutralization equivalent of the anhydrous acid, meas- 
ured in 90% ethanol, was 130, and [a]?;2> was —90.7° in 1% 
aqueous solution. A specific rotation, [a]}g° of —80.1° for the 
monohydrate has been reported (12). 

Decarboxylation of L-Hygrinic Acid—t.-Hygrinic acid (25 mg) 
was thoroughly mixed with an excess of calcium oxide (60 mg) 
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CH3 


Fic. 1. Procedure for degradation of nicotine with isolation of 
the 3 carbon of the pyridine ring. 


and heated slowly to 300° under a nitrogen atmosphere. The 
resulting 1-methylpyrrolidine was not collected. The residue, 
containing the carboxyl carbon of the acid, was acidified and 
the liberated carbon dioxide was swept in a stream of nitrogen 
into a solution of barium hydroxide. The barium carbonate 
was separated by filtration and dried in a vacuum desiccator. 
The yield was 28 mg (78%). 

Degradation of Radioactive Nicotine and Determination of C'4— 
In most cases insufficient radioactive nicotine for the degrada- 
tion was isolated from tobacco plants fed the C'*-labeled pre- 


cursors. The radioactive nicotine was therefore diluted with an 


appropriate quantity of nonradioactive nicotine when necessary. 

Radiochemicals were purchased from Volk Radio Chemical 
Company, 5412 North Clark Street, Chicago 40, Illinois. The 
determinations of C were made with a Tracerlab proportional 
flow counter and a Nuclear-Chicago model 192X Sealer. All 
counts were corrected for self absorption. Elementary analyses 
were performed by Spang Microanalytical Laboratory, Ann 
Arbor, Michigan. 


RESULTS AND DISCUSSION 


Incorporation of C into Nicotine—The extent of incorporation 
of the radioactivity of several C-labeled compounds into nico- 
tine is shown in Table I. When these compounds were fed un- 
der essentially identical conditions, nicotine with the highest 
specific activity was formed in plants fed glycerol-1,3-C™ fol- 
lowed in decreasing order by propionate-2-C'™, acetate-2-C%, 
acetate-1-C'“, and propionate-1-C™ in their ability to provide 
radioactive carbon for nicotine synthesis. The nicotine from 
the plants fed glycerol was over 50 times as radioactive as nico- 
tine from plants fed propionate-1-C™. 

Incorporation of C4 into Pyrrolidine Ring of Nicotine—Previous 
studies have demonstrated the incorporation of glutamate-2-C"™ 
(8) and ornithine-2-C™ (14, 15) into nicotine by intact tobacco 
plants. The radioactivity from both compounds was located 
almost exclusively in the pyrrolidine ring of nicotine. Isola- 
tion of the 2 and 5 carbons of the pyrrolidine ring showed ap- 
proximately equal distribution of radioactivity between these 
two positions after either of the two labeled amino acids had been 
fed (8, 14). It may be inferred that during the conversion of 
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TABLE I 


Incorporation of C'4-labeled precursors into 
nicotine in tobacco planis 


Substrate Nicotine dipicrate Dilution® 
c.p.m./mmole X 

Acetate-1-C™............... 0.44 946 
Acetate-2-C™............... 1.01 436 
0.04 10,250 
Propionate-1-C'*............ 0.05 8,225 
1.76 230 
Propionate-2-C%............ 2.30 177 
Glycerol-1,3-C*. ........... 3.05 134 
Glycerol-1,3-C*. ........... 2.88 142 


* Dilution was calculated by dividing the specific activity of 
the precursor fed by the specific activity of the nicotine dipicrate. 


TaBLeE II 
Distribution of C4 in nicotine from plants fed sodium 
propionate-2-C'4 and glycerol-1 ,3-C™ 


Maximal specific activity 
Compound 

‘ Propionate-2-C** Glycerol-1,3-C™ 

c.p.m./mmole X | c.p.m./mmole X 
10-4 10-4 
1. Nicotine dipicrate............... 2.6 5.2 
2. Barium carbonate*............... 1.1 1.4 
4. Pyridine picrate................. 1.0 2.9 
5. Barium carbonatef............... 0.3 0.3 


* Barium carbonate from carbons 2, 3 and 4 of the pyrrolidine 
ring. The specific activity was multiplied by 3. 

Tt Barium carbonate resulting from the decarboxylation of nico- 
tinic acid. 


glutamate and ornithine to the pyrrolidine ring of nicotine, a sym- 
metrical intermediate is formed. 

The results of a former study indicated that acetate, during 
its conversion to nicotine, proceeds by way of the tricarboxylic 
acid cycle to glutamate (6). Such a sequence of reactions would 
appear to provide a major pathway for biosynthesis of the pyr- 
rolidine ring of nicotine in intact tobacco plants. 

The results of the degradation of nicotine from plants fed 
propionate-2-C™, in which the pyrrolidine ring was cleaved, are 
shown in Column 2 of Table II. Carbon 2 of the pyrrolidine 
ring became the carboxyl carbon of potassium nicotinate, and 
carbon atoms 3, 4, and 5 were converted to potassium bicarbonate 
and isolated as barium carbonate (Line 2). These 3 carbons of 
nicotine contained 42% of the C" of the original nicotine, whereas 
the nicotinic acid accounted for 50% of the C%. The nicotinic 
acid was decarboxylated and the carboxyl carbon recovered as 
barium carbonate for counting (Line 5). This barium carbonate, 
which represents carbon 2 of the pyrrolidine ring, contained 12% 
of the original C, and 39% was located in the pyridine picrate 
(Line 4). 

Extensive studies of propionate metabolism have revealed at 
least two major pathways by which propionate can be metabo- 
lized. Flavin et al. (16, 17) have shown that propionate can be 
carboxylated to methylmalonate which subsequently rearranges 
to succinate. On the other hand, Giovanelli and Stumpf (18), 
with the use of peanut mitochondria, showed that propionate can 
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be converted to acetate by B-oxidation and subsequent cleavage 
of the original carboxyl group. Thus the resultant product in 
each case could enter the reactions of the tricarboxylic acid cycle, 
be converted to glutamate, and enter the pyrrolidine ring by a 
sequence of reactions previously described (8). The pattern of 
labeling in the pyrrolidine ring when propionate-2-C" is metabo- 
lized by either pathway would be similar. If it is assumed that 
propionate was converted to glutamate before entering into nico- 
tine synthesis, carbon 5 of the pyrrolidine ring would contain a 
quantity of C4 equal to carbon 2, and the remaining radioac- 
tivity would be equally distributed between carbons 3 and 4. A 
smaller quantity of C'* would be located in carbons 2 and 5 
than in carbons 3 and 4. The results of the studies with propi- 
onate-2-C™ tend to support such a hypothesis. 

Propionate-1-C™ was converted to nicotine to only a small ex- 
tent. This result is consistent with the postulate that propionate 
is converted into tricarboxylic acid cycle intermediates and glu- 
tamate during its utilization for pyrrolidine ring synthesis, since 
the carboxyl carbon would be converted to carbon dioxide by 
either the mechanism described by Flavin et al. (16, 17) or the 
one proposed by Giovanelli and Stumpf (18). 

Degradation of the pyrrolidine ring of nicotine isolated from 
plants fed glycerol-1,3-C' (Column 3 of Table II) showed that 
6% of the C" of nicotine was located in carbon 2 of the pyrrolidine 
ring. If the assumption again is made that equal quantities 
of C are in carbons 2 and 5, about 20% of the original C™ in 
the nicotine molecule would be equally distributed between car- 
bons 3 and 4. Thus, the pattern of labeling of the pyrrolidine 
ring after feeding glycerol-1,3-C™ was similar to the labeling 
subsequent to the administration of acetate-2-C™ (6) and propi- 
onate-2-C“, However, with labeled glycerol, a considerably 
larger part of the total C' of the nicotine was located in the 
pyridine ring. It is well established that glycerol may be phos- 
phorylated and converted to acetate through glycolysis. Glyc- 
erol-1,3-C™ would yield acetate-2-C™, and thus the same dis- 
tribution of C' in the pyrrolidine ring would be expected after 
administering either glycerol-1,3-C™ or acetate-2-C™. 

Therefore both propionate and glycerol, along with acetate 
(6), appear to enter the pyrrolidine ring of nicotine by way of 
the tricarboxylic acid cycle and glutamate. 

Biosynthesis of Pyridine Ring of Nicotine—Preliminary studies 
previously presented from this laboratory have postulated that 
the pyridine ring of nicotine might be formed de novo from the 
carbons of glycerol and propionate (19, 20). It was further sug- 
gested in these reports that the 2 and 3 carbons of propionate 
might give rise to carbon in the 3 and 2 positions respectively of 
the pyridine ring, whereas glycerol might contribute its carbon 
to positions 4, 5 and 6 of the pyridine ring. The results pre- 
sented in Table II show that labeled glycerol and propionate 
contribute significant quantities of radioactivity to the pyridine 
ring. If propionate is incorporated into nicotine by the mecha- 
nism suggested, propionate 2-C" should yield nicotine labeled to 
a significant extent in the 3 position of the pyridine ring. 

Nicotine isolated from plants fed propionate-2-C™ or acetate- 
2-C" was therefore degraded to isolate position 3 of the pyridine 
ring by the procedure described in a previous section of this re- 
port. The results of this degradation are presented in Table 
III. In converting nicotine dipicrate to the isomethiodide hy- 
driodide, no change in specific activity occurred, as would be 
expected. In the conversion of the isomethiodide hydriodide to 


hygrinic acid, all of the carbons of the pyridine ring are lost ex- 
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cept the 3 carbon. The loss of these carbons resulted in a loss 
of radioactivity amounting to 13% of the radioactivity of the 
original nicotine in the acetate experiment and 21% in the propi- 
onate experiment. Barium carbonate from the carboxyl carbon 
of the hygrinic acid (originally the 3 position of the pyridine 
ring of nicotine) contained 13% of the original radioactivity of 
the nicotine in both the acetate and propionate experiment. 
Therefore, about 50% of the radioactivity in the pyridine ring 
was in the 3-position after feeding acetate-2-C', whereas about 
40% was in the 3-position after feeding propionate-2-C™. 

Although the exact position of the remaining radioactivity of 
the pyridine ring was not ascertained, it could reasonably be 
argued that it might reside predominately in the 2-position after 
feeding either acetate-2-C™ or propionate-2-C". 

The two pathways for propionate metabolism, which were dis- 
cussed in an earlier section, indicate that if propionate-2-C™ 
were oxidized to acetate, which in turn would enter the tricar- 
boxylic acid cycle, succinate labeled in carbons 2 and 3 would 
result. Propionate formed in turn from the labeled succinate, 
by way of methylmalonate, would be labeled in carbons 2 and 
3 tending to randomize radioactivity between these positions in 
the propionate pool. Acetate-2-C', of course, would also form 
propionate-2,3-C', A similar randomization of radioactivity 
would occur if propionate were in equilibrium with methyl- 
malonate without previous oxidation to acetate. Therefore, if 
propionate-2-C™ were the precursor of carbons 2 and 3 of the 
pyridine ring, carbon 2 would contain a quantity of C™ similar 
to carbon 3 following these reactions which randomize the C™; 
and carbons from these two positions would account for most of 
the C of the pyridine ring. 

It has been demonstrated that the pyridine ring of nicotinic 
acid is converted into nicotine (1). 
in the present study that nicotinic acid or a related metabolite 
serves as an intermediate for the synthesis of nicotine. During 
the conversion to nicotine, nicotinic acid would be decarboxylated 
(1). Thusif the 2 and 3 carbons of propionate were incorporated 
into the pyridine ring, it is possible that the carboxy] carbon of 
propionate would become the carboxy] carbon of nicotinic acid. 
If such an incorporation of propionate into nicotinic acid oc- 
curred, no radioactivity from propionate-1-C™ or acetate-1-C™ 
would be found in the pyridine ring of nicotine. Such a hypothe- 
sis is borne out by the results of this and a previous study (6). 

Propionate-2-C™ was converted to nicotine to a greater extent 
than acetate-2-C™. The fact that when propionate and acetate 
are fed under similar conditions, propionate yields nicotine of 
greater specific activity is an indication that propionate is a more 
immediate precursor of nicotine than acetate. 

Several intermediate compounds would undoubtedly exist be- 
tween propionate and the pyridine ring. It has been shown in 
several microorganisms and animals that propionate can be 
metabolized to B-alanine (21). $-Alanine, in part because of 
its 3 amino group, would appear to be a logical intermediate in 
the conversion of propionate to the pyridine ring. 

These considerations, along with the data presented in Table 
III, provide strong evidence for the hypothesis that propionate 
contributes its 2 and 3 carbons to the 3 and 2 position of the 
pyridine ring and that acetate is incorporated into the pyridine 
ring by way of propionate. 

The distribution of C™ in the pyrrolidine ring of nicotine from 
plants fed glycerol-1 ,3-C'* was similar to the distribution when 
acetate-2-C™ was the precursor (Table II and (6)). Thus it is 


It is reasonable to assume - 
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TABLE III 
Degradation and isolation of carbon 8 of the pyridine of nicotine 
from plants fed sodium acetate-2-C'* and 
sodium propionate-2-C'4 


Maximal specific activity* 
Compound 
Acetate-2-C% | Propionate-2-C'* 
c.p.m./mmole X | ¢c.p.m./mmole X 
Nicotine dipicrate.................. 1.6 3.8 
Nicotine isomethiodide hydriodide. . 1.6 3.8 
Barium carbonatef................. 0.2 0.5 


* The reported values are the averages of two determinations. 
t Barium carbonate resulting from the decarboxylation of hy- 
grinic acid. 


likely that at least part of the glycerol which entered nicotine 
was metabolized by way of glycolysis to acetate. However, as 
can be seen in Table II, the pyridine ring contained about 60% 
of the C" of the original nicotine after feeding glycerol-1,3-C™. 
If all the glycerol, during its incorporation into nicotine, were 
metabolized to acetate, only 40% of the original C™ would be 
expected to reside in the pyridine ring. Therefore, glycerol must 
have been utilized for pyridine ring synthesis by a metabolic 
pathway which excludes acetate. These data implicate glycerol 
as a source of the 4, 5 and 6 carbons of the pyridine ring, but no 
conclusions can be reached until degradations can be devised to 
isolate these carbons. Since this work was first reported (19, 
20), Ortega and Brown (22) have reported that glycerol is also a 
precursor of nicotinic acid in Escherichia colt. 


SUMMARY 


Nicotiana rustica plants fed acetate-1-C', acetate-2-C, pro- 
pionate-1-C™, propionate-2-C™, and glycerol-1 ,3-C™ synthesized 
radioactive nicotine. The labeled glycerol yielded nicotine with 
the greatest specific radioactivity when all these precursors were 
administered under similar conditions. 

Radioactive nicotine was degraded to obtain carbon 2 of the 
pyrrolidine ring as barium carbonate. When tobacco plants 
were fed propionate-2-C™, carbon 2 of the pyrrolidine ring of 
nicotine contained 12% of the C™ and 42% of the C' was asso- 
ciated with carbons 3, 4 and 5. When glycerol-1,3-C™ was the 
precursor fed, 6% of the C™ was associated with carbon 2, and 
27 % with carbons 3, 4, and 5. 

If the assumption is made that a symmetrical intermediate is 
formed during the incorporation of these precursors into the 
pyrrolidine ring, an equal quantity of C'* would be associated 
with carbons 2 and 5, and this pattern of labeling would be con- 
sistent with the postulate that both propionate and glycerol 
entered the tricarboxylic acid cycle and were converted to glu- 
tamate during the synthesis of the pyrrolidine ring of nicotine. 

The pyridine ring of nicotine from plants fed propionate-2-C™ 
contained 39% of the C™ whereas 57% of the C™ was located in 
the pyridine ring when glycerol-1,3-C was the precursor. 

A degradation procedure employing established reactions was 
described which permitted isolation of carbon 3 of the pyridine 
ring. Nicotine synthesized in plants fed propionate-2-C™ and 
acetate-2-C™ was degraded by this procedure. In both experi- 
ments, approximately one-half of the C™ of the pyridine ring 
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was associated with carbon 3. The implications of these results 
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with regard to pyridine ring biosynthesis are discussed. 
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In 1943, Cori and Green (1) reported the presence of an 
enzyme in rabbit muscle extracts which catalyzed the conversion 
of phosphorylase a to 6. Since phosphorylase a was active in 
the absence of AMP whereas phosphorylase b required this nu- 
cleotide for activity (1), it was assumed that this enzyme cata- 
lyzed the release of AMP from phosphorylase a to give phos- 
phorylase 6 and, therefore, it was named PR (prosthetic-group 
removing) enzyme. All attempts, however, to demonstrate the 
presence of free AMP released during the enzymatic conversion 
of phosphorylase a to b were unsuccessful (1, 2). Furthermore, 
no AMP could be detected in phosphorylase a (3). In 1953, 
Keller and Cori (4) observed that the conversion of phosphor- 
ylase a to b was accompanied by a halving of the molecular 
weight, and these authors proposed that PR enzyme should be 
renamed “phosphorylase rupturing” enzyme. It was suggested 
that PR enzyme might be a specific type of proteolytic enzyme 
(1, 5), but all attempts to verify this hypothesis were unsuc- 
cessful (1, 2, 5). 

Recently it was found that rabbit muscle phosphorylase a 
(6) and active dog liver phosphorylase (7) are phosphoproteins. 
The conversion of active liver phosphorylase to its inactive form 
was shown to involve an enzymatic dephosphorylation of the 
protein (7, 8), and in a preliminary communication from this 
laboratory it was reported that PR enzyme acts in an analogous 
manner (9). This result is reported more fully in the present 
paper. On the basis of its function it was suggested that PR 
enzyme be called phosphorylase phosphatase (10), and this 
designation will be used here. 

A study of the phosphorylase 6 to a reaction, which requires 
ATP and phosphorylase kinase (6, 11), has shown that four 
phosphate groups are introduced per mole of phosphorylase a. 
This phosphate is bound to a serine residue and the structure of 
the phosphorylated site was reported to have the following 
sequence (9, 12): 


... Val-Arg... 


In the present work the specificity of muscle phosphorylase 
phosphatase has been studied, and it has been found that in 
addition to its action on phosphorylase a, the enzyme will act 
on phosphopeptides derived from this protein; however, removal 
of the carboxyl-terminal arginine group from one of these pep- 
tides results in almost complete loss of its susceptibility to 
attack. Muscle phosphorylase phosphatase was found to be 
inactive when tested with other serine phosphate-containing 
proteins or peptides. 


* Supported by a research grant (A-859) from the National In- 
stitutes of Health, United States Public Health Service. 

t Present address, Department of Physiological Chemistry, 
University of Minnesota, Minneapolis. 


EXPERIMENTAL 


Materials—The procedure of Keller and Cori (13) with slight 
modifications was used for the preparation of phosphorylase 
phosphatase. The acetone precipitation of the fraction obtained 
after alkaline treatment, however, was omitted. The enzyme 
was clarified by centrifugation at 59,000 x g for 1 hour before 
use. labeled phosphorylase a@ was prepared as described 
previously (6). Trypsin was purchased from Worthington Bio- 
chemical Corporation, Freehold, New Jersey, as a twice-crys- 
tallized material containing 50% MgSO,. It was dialyzed over- 
night in the cold against dilute HCl, pH 3.0, and kept frozen 
at this pH. Immediately before use, it was neutralized to pH 
7.0 with 10°? nN NaOH. Carboxypeptidase B, prepared by a 
modification (14) of the method of Folk and Gladner (15), was 
generously supplied by Dr. J. F. Pechére. Alkaline intestinal 
phosphatase and potato phosphatase were generous gifts from 
Dr. Leon Heppel. A purified preparation of prostate phospha- 
tase was kindly supplied by Dr. Gerhard Schmidt. Crotalus 
adamenteus venom was purchased from Ross Allen’s Reptile 
Institute, Silver Springs, Florida. Phosphorylase b kinase was 
prepared by the method of Krebs and Fischer (6). Glycyl- 
serylphosphate, serylphosphate glycine, and glycylserylphos- 
phate glycine were generously supplied by Dr. Georg Fodlsch. 
Phosphopeptides A, B, and C were prepared from phosphorylase 
a as described previously (12). 

Paper Electrophoresis and Chromatography—Low voltage paper 
electrophoresis was carried out in the Spinco Model R apparatus. 
Electrophoresis for 3 hours in 0.05 m acetate buffer, pH 4.6, 
at a constant current of 15 ma and 240 to 250 volts effectively 
separated orthophosphate, pyrophosphate, and phosphoserine. 
High voltage paper electrophoresis was carried out according to 
the procedure of Ryle et al. (16), in pyridine acetate buffer, pH 
6.5, for 45 minutes at 2000 volts. Sheets of Whatman No. 3 
paper, 20 <X 60 cm, were used. When radioactive compounds 
were used, the bands or spots were identified by radioautography 
using Eastman Kodak No-Screen x-ray film. The compounds 
were eluted from the paper with water, and the eluates were 
freeze-dried. The solvent systems of Bandurski and Axelrod 
(17), methanol:formic acid: water, 80:15:5 volume for volume, 
and of Burrows et al. (18), acetone: 25% trichloroacetic acid, 
75:25 volume for volume, were used for the paper chromato- 
graphic separation of phosphate esters. 

Determination of Phosphorylase Phosphatase Activity—The con- 
version of phosphorylase a to b was followed by the method of 
Cori and Cori (2). The action of phosphorylase phosphatase on 
phosphopeptides and nonprotein phosphate esters was deter- 
mined by measuring the amount of inorganic phosphate released 
as determined by analysis of deproteinized reaction mixtures. 
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Fic. 1. Release of a trichloroacetic acid-soluble P*?-fragment in 
the conversion of phosphorylase a to b. O——O, phosphorylase 
activity on the absence of AMP; A——-A, phosphorylase activity 
in the presence of AMP; @——®@, per cent of counts released. 
Activity of phosphorylase a in the absence of AMP at zero time 
was taken as 100. 


TABLE I 
Identification of a trichloroacetic acid-soluble P**-fragment 
released from P*?-labeled phosphorylase a 
by phosphorylase phosphatase 


Properties Pi® — 

Electrophoretic migration on 

paper, pH 4.6, at 15 ma, 250 

volts for 3 hours (in em)*..; —8.0 | —8.0 | —10.1 —7.0 
Rr’s in acetone: 25% TCA, 

75:25 volume for volume... 0.61 0.64 0.40 
in methanol:formic 

acid: water, 80:15:5 volume 


* Migration toward the anode is indicated by the negative sign. 
The values are not corrected for electroosmosis. 


When P®*-labeled phosphopeptides were used, the supernatant 
fluids obtained after centrifugation were then subjected to high 
voltage electrophoresis and analyzed for inorganic P® by de- 
termining the percentage of radioactivity appearing as inor- 
ganic phosphate. For unlabeled phosphate esters, the amount 
of inorganic phosphate produced was determined by the method 
of Fiske and SubbaRow (19). 


RESULTS 


Conversion of P**-labeled Phosphorylase a to Phosphorylase b— 
A solution containing 105 mg of P*®-labeled phosphorylase a 
(5250 c.p.m./ml) in 5 ml 0.03 M cysteine, pH 6.8, was incubated 
for 20 minutes at 30°; then 5 ml of a solution of phosphorylase 
phosphatase, 2 mg per ml, were added. Aliquots were with- 
drawn at intervals and diluted in 0.04 m glycerophosphate-0.03 
M cysteine buffer, pH 6.8, for the determination of phosphorylase 
activities (20). Other samples were removed during the reac- 
tion and added to equal volumes of cold 10% trichloroacetic 
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acid. These mixtures were centrifuged, and the supernatant 
solutions were plated and counted. Fig. 1 shows that a tr. 
chloroacetic acid-soluble P®-containing fragment is released 
concurrently with the decrease of phosphorylase a activity 
(measured in the absence of AMP). Also illustrated in Fig. | 
is the decrease in total phosphorylase activity (measured in the 
presence of AMP) observed during the phosphorylase a to } 
reaction. 

Nature of P*-fragment Released in Phosphorylase a to b Reac- 
tion—At the completion of the phosphorylase a to b reaction 
described in the preceding section, the remaining solution was 
deproteinized with trichloroacetic acid, and the supernatant 
solution obtained after centrifugation was used for the identi- 
fication of the P**-fragment that had been released. This solution 
was extracted with ether to remove trichloroacetic acid, freeze- 
dried, and the residue obtained was dissolved in a small volume 
of water. On paper electrophoresis and paper chromatography 
in two different solvent systems, all of the radioactive material 
was found to migrate as inorganic phosphate. The results are 
summarized in Table I. 

Phosphorylase Phosphatase Activity on Phosphopeptides Derived 
from P*-labeled Phosphorylase a—Two phosphopeptides have 
been isolated following tryptic action on phosphorylase a (12). 
The major peptide, called peptide C, was shown to be Lys.Glu- 
NH:2.Ileu.Ser-P.Val.Arg, whereas the other peptide, called 
peptide B, was found to be Glu-NH:2.Ileu.Ser-P. Val. Arg. 
A third peptide, called peptide A, could be obtained from peptide 
B by heating at neutral pH. This peptide was found to be 
pyrollidone carboxyl Ileu.Ser-P.Val.Arg. By attacking pep- 
tide C with carboxypeptidase B, the COOH-terminal arginy] 
residue could be removed, yielding the peptide Lys.Glu (NH,). 
Ileu.Ser-P.Val (12).! It was of interest to determine whether 
phosphorylase phosphatase would act on these compounds de- 
rived from the natural substrate for this enzyme. 

Phosphorylase phosphatase acts on peptide C although the 
initial rate of dephosphorylation is about »th of that obtained 
when phosphorylase a is used as the substrate? (Table II). 
Analogous experiments were carried out with peptides A, B, 
and D. It will be noted that although the rates of dephos- 
phorylation of peptides A and B were essentially identical to 
that of peptide C, peptide D was attacked extremely slowly 
by phosphorylase phosphatase. The rate in this instance was 
less than 75th of that obtained with phosphorylase a. In 
these experiments the molar concentration of phosphorylase a 
was adjusted to one-fourth of that of the peptides, since phos- 
phorylase a contains four serine-bound phosphate groups per 
mole (11). 

Lack of Phosphorylase Phosphatase Actiwity on Other Phos- 
phoproteins, Phosphopeptides, and Nonprotein Phosphate Esters— 
The susceptibility of the phosphate bond in casein and phosvitin 
to attack by phosphorylase phosphatase was tested. Reaction 
mixtures were made up containing 2.4 ml of casein, 10 mg per ml, 
or 2.4 ml of phosvitin, 2 mg per ml; 0.1 ml of 0.3 m cysteine, 
pH 6.8; and 0.1 ml of phosphorylase phosphatase, 5 mg per 
ml, in 0.03 mM cysteine, pH 6.8. Aliquots were removed at 


1 A letter designation for this peptide was not given in the ear- 
lier publication (12). For convenience it will be referred to as 
peptide D. 

2 The percentage of hydrolysis of the phosphate bond in phos- 
phorylase a was determined by measuring the percentage of change 
of phosphorylase activity in the absence of AMP, since these proc- 
esses are parallel (Fig. 1). 
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intervals and inorganic phosphate determinations were carried 
out on heat-deproteinized supernatant solutions. No release 
of inorganic phosphate could be detected after 2 hours, although 
the conditions of analysis were such that hydrolysis of as little 
as 3% of the protein-phosphate could have been detected. 
Under these conditions, the same amount of phosphorylase 
phosphatase converted 0.04 umole of phosphorylase a to phos- 
phorylase 6 (equivalent to a liberation of 0.16 umole of phos- 
phate) in 10 minutes. 

The failure of phosphorylase phosphatase to act on casein 
and phosvitin could result from the fact that the phosphate 
bond in phosphoproteins other than phosphorylase a is not 
accessible to phosphorylase phosphatase due to a type of steric 
hindrance, or that phosphorylase phosphatase will only dephos- 
phorylate phosphoproteins which have an amino acid sequence 
at the site of phosphorylation similar to that found in phosphor- 
ylase a. The action of phosphorylase phosphatase on the phos- 
phopeptides described above favors the second alternative. To 
gain further support for this view, phosphoserine and several 
known phosphoserine-containing peptides were tested for sus- 
ceptibility to attack by the enzyme. Reaction mixtures were 
made up at 30° containing 1.0 ml of a solution of phospho- 
serine or phosphopeptide, 4 wmoles per ml, 0.1 ml of 0.3 m 
cysteine, pH 6.8, and 0.1 ml of a solution of phosphorylase 
phosphatase, 10 mg per ml. No inorganic phosphate was re- 
leased in 3 hours from the phosphoserine or from the peptides 
tested, which included glycylserylphosphate, serylphosphate 
glycine, or glycylserylphosphate glycine; this amount of phos- 
phatase catalyzed the release of 1.6 wmoles of phosphate from 
an equivalent amount of peptide C under these conditions. 
These results tend to support the second hypothesis mentioned 
above. Furthermore, phosphorylase phosphatase had no activ- 
ity on phosphothreonine, glycerophosphate, pyridoxal phos- 
phate, and O-carboxyphenylphosphate. 

Susceptibility of P-labeled Phosphorylase a to Action of Other 
Phosphatases—Since phosphorylase phosphatase exhibits a high 
degree of specificity for its substrate, it was of interest to deter- 
mine whether the serylphosphate bond in phosphorylase a was 
hydrolyzed by other phosphatases. To test this possibility 2.0 
ml of a solution of P®-labeled phosphorylase a, 15 mg per ml, 
were incubated with 0.2 ml of prostate phosphatase solution 
(an amount which was found to liberate 10 umoles of inorganic 
phosphate in 15 minutes from 2 ml of a solution of 0.01 m glyc- 
erophosphate in 0.1 m acetate, pH 5.6) for 40 minutes at pH 
6.0 and 37°. No inorganic P® was released from phosphorylase 
a under these conditions. Similarly, experiments with potato 
phosphatase at pH 6.0, and alkaline intestinal phosphatase at 
pH 8.8, gave no indication of attack by these enzymes. Phos- 
phorylase a was incubated at pH 9.0 with Crotalus adamenteus 
venom, which possesses some phosphodiesterase activity (21), 
and alkaline intestinal phosphatase, since the possibility of a 
phosphodiester bond in phosphorylase a had not been completely 
ruled out at the time these experiments were done. No sig- 
nificant release of inorganic P® was detected in these reaction 
mixtures. These results confirm earlier findings of Cori and 
Cori (2) that alkaline intestinal phosphatase does not attack 
phosphorylase a. On the other hand the prostate, potato, and 


intestinal phosphomonoesterases were all found to act on pep- 
tide C, releasing inorganic phosphate at rates comparable to 
those obtained when glycerophosphate was used as a substrate. 

Activity of Cat and Dog Muscle Phosphorylase Phosphatase on 


D. J. Graves, E. H. Fischer, and E. G. Krebs 
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TABLE II 


Relative rates of phosphorylase phosphatase activity on 
phosphopeptides derived from phosphorylase a 

The phosphorylase phosphatase reaction mixtures contained 
0.2 umole of phosphorylase a or 0.05 umole of phosphopeptide in 
1.5 ml of 0.03 m cysteine buffer, pH 6.8, together with 1 mg of phos- 
phorylase phosphatase. They were incubated at 30° and the 
initial reaction rates were determined. The rate with phosphor- 
ylase a is taken as 100. 


Substrate Rate 
Phosphorylase a 100 
Peptide C....} Lys. Glu-NH2. Ileu.Ser-P.Val.Arg. 5 
Peptide B.... Glu-N Ho. Ileu.Ser-P.Val.Arg. 4 
Peptide A.... Ple.Ileu.Ser-P.Val.Arg. 4 
Peptide D....| Lys.Glu-NH)z2. Ileu. Ser-P.Val. <0.5 
C 
3 
= 
> 
=f e 
© 9 2r 
S 
> ~ ~ B 
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Fic. 2. Activity of cat and dog muscle phosphorylase phospha- 
tase on rabbit muscle phosphorylase a. The reaction mixtures 
contained: 0.6 ml of a solution containing 1.2 mg of phosphorylase 
a in 0.02 M cysteine, pH 6.8, and 0.2 ml of dog phosphorylase phos- 
phatase in Curve A or 0.2 ml of cat phosphorylase phosphatase in 
Curve B. Curve C was a control without phosphorylase phospha- 
tase. 


Rablit Muscle Phosphorylase a—Specificity studies were extended 
to include an investigation of the action of phosphorylase phos- 
phatase preparations from different species on rabbit muscle 
phosphorylase a. The method of Keller and Cori (13) for 
rabbit muscle phosphorylase phosphatase was used for the prep- 
aration of the analogous enzyme from dog and cat muscle. In 
each case the “acid precipitate” fraction was brought to a final 
volume comparable to that recommended by these authors for 
a given amount of muscle. The results shown in Fig. 2 indicate 
that rabbit muscle phosphorylase a is a substrate for cat and 
dog muscle phosphorylase phosphatase. 

Absence of Transferase Activity of Phosphorylase Phosphatase— 
Acid and alkaline phosphomonoesterases are known to catalyze, 
simultaneously with the hydrolysis of the substrate, the syn- 
thesis of new products by transfer of the phosphate group from 
the ‘“donor’’ substrate to a suitable acceptor (22, 23). Glucose, 
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glycerol, and various other hydroxylated compounds have been 
shown to compete with water for the phosphate group trans- 
ferred. The conversion of P-labeled phosphorylase a to b was 
carried out in 2 m glucose to determine whether phosphorylase 
phosphatase would catalyze the transfer of phosphate from 
phosphorylase a to glucose instead of to water, the usual ac- 
ceptor molecule. At the completion of the reaction, as deter- 
mined by phosphorylase activity measurements, the reaction 
mixture was heated, and the denatured proteins were removed 
by centrifugation. The supernatant solution was passed through 
a column of Dowex 3 in the acetate form, pH 6.0, to remove 
free glucose. The column was thoroughly washed with water 
followed by 0.1 m NH,OH to elute the radioactive material 
that had been quantitatively retained. Paper chromatography 
of the freeze-dried eluates using the methanol-formic acid solvent 
indicated that only inorganic P® had been formed. 

Failure of Phosphorylase Kinase to Catalyze Phosphorylation 
of Dephosphopeptide C—The dephosphorylated form of peptide 
C was prepared using phosphorylase phosphatase in order to 
test it as a possible substrate for phosphorylase kinase. For 
the preparation a reaction mixture similar to that described in 
the legend of Table II was used. The reaction was stopped by 
boiling, and the soluble ninhydrin-staining material present was 
purified by high voltage paper electrophoresis. A single peptide 
free of radioactivity was obtained; upon acid hydrolysis it 
showed the same six amino acids present in the orginal peptide. 

To test for the enzymatic phosphorylation of the above pep- 
tide a reaction mixture similar to that used for the conversion 
of phosphorylase 6 to a was prepared (11); it contained 0.1 ml 
of 0.25 m Tris-0.25 m glycerophosphate buffer, pH 7.8, 0.1 ml 
of dephosphopeptide C (0.1 umole), 0.1 ml of 6 X 10-? mM Mg(Ac)2, 
0.2 ml of 1 X 10-3 m ATP®, and 0.1 ml of phosphorylase kinase 
in 0.015 m cysteine, pH 7.0. After 1 hour at 30° the reaction 
mixture was boiled and the clear supernatant fluid obtained 
after centrifugation was analyzed for radioactive components 
by electrophoresis and radioautography. No incorporation of 
phosphate into dephosphopeptide C was observed, although 
in a similar reaction mixture 0.1 umole of phosphorylase 6 was 
converted to phosphorylase a in 5 minutes. 


DISCUSSION 


Phosphorylase phosphatase is shown to be a highly specific 
phosphatase, since it seems to act only on phosphorylase a or 
on certain phosphopeptides derived from it. In regard to the 
specificity of action of this enzyme, an important consideration 
is the almost absolute requirement for an arginy] residue close 
to the serylphosphate group of the substrate, since peptide D 
was attacked only very slowly, if at all, by the phosphatase. 
A possible explanation for this result may be that an arginyl 
residue is necessary for the formation of the enzyme-substrate 
complex. This concept is supported by the findings of Keller 
and Fried (5) that the ethyl esters of arginine and lysine are 
competitive inhibitors of the conversion of phosphorylase a to 
b; of these two inhibitors, the ethyl ester of arginine was found 
to be about twice as effective as the ethyl ester of lysine. The 
compound, phenylethylbiguanide, is a strong inhibitor of the 
phosphorylase a to b reaction; a 70% inhibition was observed 
at a concentration of 5 X 107% m of the compound.’ 

An interesting aspect of the specificity of action of phosphor- 


3 Unpublished result from this laboratory. 
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ylase phosphatase is the slower rate of attack of the phospho- 
peptides, A, B and C, as compared to that obtained with the 
native protein from which they are derived. Unfortunately, 
not enough material was available at the time of this work to 
carry out kinetic studies that would lead to an explanation of 
this result. Further work is in progress to prepare larger quan- 
tities of these peptides in order to determine whether this slower 
rate of attack is due to a decreased affinity of the phosphopeptide 
substrates for phosphorylase phosphatase or to a slower rate of 
decomposition of the enzyme-substrate complex into the prod- 
ucts of the reaction. 

The highly specific character of the conversion of phosphor- 
ylase a to 6 was further demonstrated through studies with 
other phosphatases, since the phosphate bond in phosphorylase 
a was found to be susceptible to attack only by phosphorylase 
phosphatase. On the other hand, the species specificity of 
phosphorylase phosphatase does not seem to be great, since the 
enzymes prepared from beef spleen (1) and dog and cat muscle, 
as shown in the present work, will also act on rabbit muscle 
phosphorylase a. It is interesting to note that liver phosphor- 
ylase is also attacked by phosphorylase phosphatase prepared 
from different tissues and organs (8), but this enzyme, again, 
is resistant to the action of prostate phosphatase (24). One 
difference between the liver and the muscle phosphorylase phos- 
phatases is that the former enzyme catalyzes the dephospho- 
rylation of phosvitin and casein (8, 24), whereas the latter does 
not. 

The complexity of the interconversions of the two forms of 
phosphorylase is shown by the fact that, although phosphor- 
ylase phosphatase will catalyze the dephosphorylation of a 
phosphohexapeptide derived from phosphorylase a, the dephos- 
phorylated form of this peptide will not serve as a substrate 
for phosphorylase kinase. A possible explanation for this be- 
havior is that the original site of phosphorylation in the protein 
involves a different group from which the phosphate is trans- 
ferred to the serine residue. An alternative explanation is that 
the hexapeptide is not bound to the kinase. 

The activation and inactivation of muscle phosphorylase, 
which results from the interconversion of phosphorylases 6 and 
a, constitutes an important mechanism by which the metabolism 
of carbohydrate in this tissue may be controlled. It is therefore 
not surprising to find that phosphorylase phosphatase, one of 
the enzymes involved in the interconversion, exhibits a high 
degree of specificity, and that the reaction it catalyzes cannot 
be duplicated by nonspecific phosphatases. 


SUMMARY 


1. The conversion of phosphorylase a to b by phosphorylase 
phosphatase has been investigated using P*-labeled phosphor- 
ylase a. The equation for the reaction can be written as follows: 


phosphorylase a — 4 inorganic P + 2 phosphorylase b 


2. Phosphopeptides derived from phosphorylase a and con- 
taining a carboxyl-terminal arginyl residue, were attacked by 
phosphorylase phosphatase at sth the rate obtained with phos- 
phorylase a as the substrate. Enzymatic removal of the arginyl 
residue from one of these peptides greatly reduced its effective- 
ness as a substrate. 

3. Phosphorylase phosphatase showed no activity on casein, 
phosvitin, glycylserylphosphate, serylphosphate glycine, glycyl- 
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serylphosphate glycine, phosphoserine, and other low molecular 
weight phosphate esters. 


4, P-labeled phosphorylase a was not dephosphorylated by 


prostate phosphatase, potato phosphatase, and alkaline intes- 
tinal phosphatase; however, these enzymes all acted on the phos- 
phopeptides derived from phosphorylase a. 


5. The dephosphorylated form of the major phosphopeptide 


derived from phosphorylase a was shown not to serve as a sub- 
strate for phosphorylase kinase. 
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It has been previously suggested that the racemization of lactic 
acid in Lactobacillus plantarum occurs by the coparticipation of 
two diphosphopyridine nucleotide-dependent lactic acid dehydro- 
genases, each specific for the p(—) or L(+) isomer of lactic acid 
(2-4). Since pyruvic acid is the product common to both of the 
dehydrogenase systems, a reaction pathway is provided for the 
conversion of either of the isomers to a racemic mixture of lactic 
acid, according to the following scheme: 


L(+)-lactic acid = pyruvic acid = p(—)-lactie acid 


The present studies were conducted to demonstrate the exist- 
ence of the stereospecific lactic acid dehydrogenases. The lactic 
acid dehydrogenases were separated from each other and the 
purified enzymes were compared on the basis of the following 
properties: the pyridine nucleotide cofactor specificity, inhibition 
by oxamic acid, heat stability, pH optimum, immunological 
properties, and the values of the Michaelis-Menten constant, Km, 
for lactic acid. The differences in the properties of the two en- 
zymes are discussed and related to the possible structures of the 
enzymes at their catalytic sites. 


EXPERIMENTAL 


Materials and Methods 


Materials—The following strains of bacteria were obtained 
from the American Type Culture Collection: Lactobacillus plan- 
tarum (formerly arabinosus) ATCC 8041; Leuconostoc mes- 
enteroides (DeMoss 39) ATCC 12291; Lactobacillus plantarum 
ATCC 8014. Crystalline preparations of the rabbit skeletal mus- 
cle L(+)-lactic dehydrogenase and the beef heart L(+)-lactic 
dehydrogenase enzymes were obtained commercially from the 
Worthington Biochemical Company. The following compounds 
were obtained commercially: p(—)- and L(+)-calcium-lactate 
(from the California Corporation for Biochemical Research); 
DPN, DPNH, TPN, the 3-acetylpyridine analogue of DPN, and 
the pyridine-3-aldehyde analogue of DPN (from Pabst Brewing 
Company). The 3-benzoylpyridine analogue of DPN, and the 
3-thionicotinamide analogue of DPN were prepared by the 


* A preliminary note concerning these investigations has ap- 
peared (1). 

t This is publication No. 45 of the Graduate Department of 
Biochemistry, Brandeis University. This work was supported by 
grants from the American Cancer Society and the National Cancer 
Institute of the National Institutes of Health (Grant No. NIH- 
CY-3611). 

t Predoctoral Fellow of the National Cancer Institute (1956- 
1959); present address, Department of Chemistry, Harvard Uni- 
versity, Cambridge, Massachusetts. 


method of Anderson et al. (5). The deamino analogue of DPN 
was prepared by the method of Kaplan (6). 

Standard Lactic Acid Dehydrogenase Assay—A solution of 0.1 
ml of 0.1 m Tris buffer, pH 7.5 for L(+)-enzyme or pH 8.5 for 
p(—)-enzyme; 0.05 ml of 0.015 m 3-acetylpyridine analogue of 
DPN; 0.1 ml of 0.2 m calcium-lactate (p- or L-); 120 units of the 
purified p(—)- or L(+)-dehydrogenase and distilled H:O to a 
final volume of 1.0 ml was added to a silica cuvette (diameter, 
1.0cm). The reduction of the 3-acetylpyridine analogue of DPN 
was initiated by the addition of substrate and was followed spec- 
trophotometrically at 365 my with the use of a Beckman DU or 
a Zeiss PMQ-II spectrophotometer. The increase in optical 
density at 365 my during the 30- to 90-second time interval was 
used to measure the rate of the reaction. The reactions were 
conducted at 25° (room temperature). 

Preparation of Rabiit Antisera\—Rabbits were given intra- 
venous injections in alternate ears every other day for 4 weeks 
with 0.5 to 1.0 ml of a suspension of the alum-precipitated p(—) 
or L(+) specific purified enzyme preparation. Six weeks after 
the initial injection, the rabbits were given a 0.4-ml toe pad 
booster injection, in Freund’s adjuvant. During the course of 
the immunization, the rabbits injected with the p(—) or the 
L(+) specific enzymes received a total of 3.7 and 6.4 mg of pro- 
tein antigen, respectively. The rabbits were exsanguinated 4 
weeks after the booster injection, and the blood was allowed to 
clot at room temperature overnight. The clear supernatant se- 
rum was decanted after centrifugation and stored at —18°. 


RESULTS 


Preparation of Enzymes—Lactobacillus plantarum ATCC 8041 
cells were grown for 20 to 24 hours at 37° in AC-1 media supple- 
mented with tomato juice supernatant fluid (filtered through 
Hi-Flow filter aid) added to a final concentration of 10%. Ap- 
proximately 2.0 to 2.5 g of wet weight packed cells per liter of 
culture media were harvested by centrifugation. The cells were 
washed three times in 0.002 m phosphate buffer, pH 7.5. The 
washed cells were suspended in 0.002 m phosphate buffer, pH 7.5, 
at a ratio of 3:1 (volume per weight), and 60-ml aliquots were 
sonicated for 15 minutes in a 250-watt, 10-kc Raytheon oscillator. 
The clear supernatant fluid obtained after centrifugation at 
26,000 x g for 20 minutes was dialyzed for 12 hours at 0° against 
a large volume of 0.002 m phosphate buffer, pH 7.5. The di- 
alyzed material was centrifuged at 26,000 x g for 20 minutes 
and, to the resultant clear supernatant fluid, ammonium sulfate 


1 The authors would like to thank Dr. L. Levine for his valuable 
advice and assistance in the preparation of the antisera. 
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TABLE I 
Summary of purification procedures 
Specific activity 
p(—)-LDH 1(+)-LDH | p(-—)-LDH | 1(+)-LDH D:L 
total units* uniis/mg of protein 

2. 40 to 95% saturated (NH,4)2SO, pellet from 1. (above).................... 577 ,000 600 , 000 2,420 2,625 0.96 
3. 95 to 78% saturated (NH,4)2SO, eluate of 2. (above)...................... 436 , 000 228 , 000 6, 666 3,491 1.90 
4. 78 to 55% saturated (NH,4)2SO, eluate of 2. (above)...................... 64, 500 63 , 000 1,535 1,500 1.01 
3a. 3. (above) absorbed on DEAE-cellulose resin; eluted with 0.8 M NaCl in 

0.002 m phosphate buffer, pH 53, 730 0 15,400 — 
Kas 97, 500 321,000 2,321 7,642 0.30 
4b. 4a. (above) heated for 3 minutes at 15,000 300 , 000 781 15,625 0.05 
4c. 4b. (above) frozen at —18° for 24 hours, then thawed{.................. 6,990 210,000 480 14,400 0.038 


* A unit of activity is defined as a change in optical density of 0.100 at 365 my with the use of the standard assay system. 


activity is defined as units per mg of protein. 


t This fraction is the purified p(—)-LDH (lactic dehydrogenase) used in this study. 


t This fraction is the purified L(+)-LDH used in this study. 


was slowly added to a final concentration of 40% of saturation. 
The pellet resulting from centrifugation of this solution at 26,000 
x g for 20 minutes was discarded. The supernatant fluid was 
adjusted to a concentration of 95% saturated ammonium sul- 
fate. The pellet collected after centrifugation was redissolved 
in 50 ml of distilled water, assayed, and then adjusted to a final 
concentration of 95% saturated ammonium sulfate. The pellet 
obtained after centrifugation was admixed with cellulose powder 
(previously washed with 100% saturated ammonium sulfate) and 
layered over a cellulose pad in a column 4 cm in diameter. Frac- 
tionation of the protein pellet was achieved according to the 
method of Zahn and Stahl (7) by employing a gradient elution 
with decreasing concentrations of ammonium sulfate, commenc- 
ing at 100% saturated ammonium sulfate. The fractions eluted 
with 95 to 78% saturated ammonium sulfate concentrations were 
pooled, Fraction I.2_ Fractions eluted at 78 to 55% saturation 
with respect to ammonium sulfate concentration were pooled as 
Fraction II. 

Fraction I was placed on a DEAE-cellulose column (9) previ- 
ously equilibrated with 0.002 m phosphate buffer, pH 7.5. Elu- 
tion of the protein was achieved by the addition of aliquots of 
increasing concentrations of NaCl in 0.002 m phosphate buffer, 
pH 7.5. The fraction eluted at 0.8 m NaCl concentration con- 
tained the p( —)-lactic dehydrogenase with no detectable amount 
of the L(+)-dehydrogenase. This fraction contained 5% of the 
total original p( —)-enzyme activity of the crude sonically treated 
dialyzed preparation and represented a 44-fold increase in the 
specific activity of the p(—)-enzyme. 

Fraction II was dialyzed against 500 volumes of 0.002 m phos- 
phate buffer, pH 7.5, for 12 hours. The dialysis resulted in a 
50% activation of the p(—)-enzyme, and a 60% activation of 
the L(+)-enzyme. The dialyzed Fraction II preparation was 
heated at 60° for 3 minutes in 10-ml aliquots, then cooled in an 
ice bath, and centrifuged at 20,000 x g for 20 minutes. The 
clear supernatant fluid obtained after centrifugation contained 
primarily the L(+)-dehydrogenase with a small amount of resid- 
ual p(—)-dehydrogenase. This fraction, after being frozen for 


2 The percentage of saturated ammonium sulfate concentration 
was determined by measuring the conductivity of a 1:50,000 dilu- 
tion of the sample according to the method of Rosenthal (8). 


24 hours and then thawed, contained 16% of the total original 
L(+)-enzyme activity of the crude sonically treated dialyzed 
preparation, and represented a 32-fold purification of the L(+)- 
dehydrogenase. A summary of the purification procedures is 
presented in Table I. 


PROPERTIES OF THE ENZYMES 


Pyridine Nucleotide Cofactor Specificity—The data in Table II 
show the pyridine nucleotide cofactor specificity of the two de- 
hydrogenases. The rates of lactic acid oxidation for the two 


dehydrogenases (with various coenzyme analogues) were com- 


pared to the rates observed when DPN was used as the coen- 
zyme. Neither dehydrogenase can utilize TPN as a coenzyme. 
Both dehydrogenases can utilize the 3-acetylpyridine analogue 
of DPN more efficiently than DPN; however, the L(+)-lactic 


TABLE II 
Pyridine nucleotide specificity 

The standard assay system was employed, except that the in- 
dicated pyridine nucleotide cofactors were substituted for the 
acetylpyridine-* DPN at equivalent concentrations. Initial rate 
data for the reaction were taken as the AOD 30 to 90 seconds at 
the absorption peaks of the reduced compounds. These absorp- 
tion peaks are, for: TPN, 340 my; for the 3-acetylpyridine-* DPN, 
365 my; for the pyridine-3-aldehyde-* DPN, 355 my; for the 
thionicotinamide-* DPN, 400 my; for the 3-benzoylpyridine-* 
DPN, 365 my; and for the deamino analogue of DPN, 340 mug. 


DPN rate taken as 100% 
Coenzyme or analogue 
p(—)-LDH L(+)-LDH 
% % 
TPN 0 0 
3-Acetylpyridine-* DPN 430 1300 
Pyridine-3-aldehyde-* DPN 57 
Thionicotinamide-* DPN 52 185 
3-Benzoylpyridine-* DPN 215f 13t 
Deamino DPN 60 0 


t Rate for 55 minutes, whereas ali other rates are for the 30- to 
90-second interval. 
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dehydrogenase exhibits a quantitative preference for this coen- 
zyme analogue. The pyridine-3-aldehyde analogue of DPN is 
essentially inactive as a coenzyme for the p( —)-enzyme, whereas 
the L(+)-dehydrogenase exhibits a rate with this coenzyme ana- 
logue which is 60% of that observed when DPN is employed as 
coenzyme. Both dehydrogenases utilize the thionicotinamide 
analogue of DPN as an acceptor; however, here again one ob- 
serves a quantitative preference of the L(+)-dehydrogenase for 
this cofactor. The data reported for the rate studies, with the 
3-benzoylpyridine analogue of DPN, are for 55 minutes, a longer 
time interval. Although the rates are slow with the p(—)-en- 
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Fig. 1. The pH optimum of the p(—)- and L(+)-lactic dehy- 
drogenases (LDH). The standard assay system was employed, 
except for the use of 1.0 m Tris buffer solution adjusted to the in- 
dicated pH values. 
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Fig. 2. Lineweaver-Burk plots showing the change in the ini- 
tial reaction velocity as a function of the lactic acid concentration 
when DPN is employed as the hydrogen acceptor. The reaction 
mixture contained 0.1 ml of 0.1 m Tris buffer, pH 7.5 for the L(+)- 
lactic dehydrogenase (LDH) or pH 8.5 for the p(—)-LDH, 0.05 ml 
of 0.015 m DPN, and 120 units of the p(—)-LDH or L(+)-LDH 
purified enzyme. p(—)- or L(+)-calcium lactate was added to 
give the final indicated concentrations, and distilled HzO was 
added to a final volume of 1.0 ml. The initial rate was taken as 
the change in optical density at 340 mu during the 30- to 60-second 
interval after the reaction had been started by the addition of the 
enzyme. 
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Fig. 3. Reciprocal plots (10) showing the change in the initial 
reaction velocity as a function of the lactic acid concentration 
when the acetylpyridine-*DPN is employed as the hydrogen ac- 
ceptor. The reaction mixture contained 0.1 ml of 0.1 m Tris 
buffer, pH 7.5 for the L(+)-LDH or pH 8.5 for the p(— )-LDH, 0.05 
ml of 0.015 m 3-acetylpyridine-*DPN, 120 units of the p(—)-LDH 
or L(+)-LDH purified enzyme. p(—)- or L(+)-calcium lactate 
was added to give the final indicated concentrations, and distilled 
H.O was added to a final volume of 1.0 ml. The initial rate data 
were taken as the change in optical density at 365 my during the 
30- to 90-second interval after the reaction had been started by 
the addition of the enzyme. 


zyme, the activity is significant, whereas L(+)-dehydrogenase is 
essentially inactive with this pyridine-substituted analogue of 
DPN. Deamino-DPN is utilized as a coenzyme by the p(-—)- 
enzyme and is inactive as a coenzyme for L(+)-enzyme. Identi- 
cal data can be obtained with the crude dialysates or with the 
purified preparations. 

pl! Optima—The rate of lactic acid oxidation Hy the two de- 
hydrogenases as a function of pH is shown in Fig. 1. The reac- 
tions were conducted in 0.1 m Tris buffer solutions adjusted to 
the indicated pH values. The pH optima for the p(—)-lactic 
dehydrogenase and the L(+)-enzyme were, respectively, 8.5 and 
7.5. 

K» for Substrate—The Michaelis-Menten constants (K,,) for 
lactic acid were estimated for both of the purified enzymes from 
linear plots of the initial rate data according to the method of 
Lineweaver and Burk (10). When DPN was used as the coen- 
zyme, the affinity of the p(—)-enzyme for p(—)-lactic acid was 
greater than the affinity of the L(+)-enzyme for L(+)-lactic acid 
(Fig. 2). When the 3-acetylpyridine analogue of DPN was used 
as the coenzyme, the affinity of the L(+)-enzyme for L(+)-lactic 
acid was greater than the affinity of the p(—)-enzyme for the 
p(—)-lactie acid (Fig. 3). 

The Michaelis-Menten constants for pyruvic acid were esti- 
mated for the purified p( —)- and L(+)-enzymes (Fig. 4). When 
DPNH was used as the coenzyme, the K,, values for the p(—)- 
and L(+)-enzymes were 4.7 X 10-3 M and 3.7 X 10-4 M, respec- 
tively. When the deamino analogue of DPNH was employed 
as the coenzyme, the K,, values for the p( —)- and L(+)-enzymes 
were 7.1 and 1.3 M, respectively. 

Effect of Oxamic Acid—Oxamic acid is known to inhibit the 
L(+)-lactic dehydrogenase of animal tissues (11). The effect of 
oxamic acid on the activity of the two lactic dehydrogenases is 
of value in distinguishing the two enzymes, as shown in Fig. 5. 
The L(+)-enzyme is 50% inhibited by oxamic acid at a concen- 
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Fic. 4. Reciprocal plots (10) showing the change in the initial 
reaction velocity as a function of the pyruvic acid concentration 
when DPNH or the deamino analogue of DPNH is employed as 
the hydrogen donor. The reaction mixtures contained 0.1 ml of 
Tris buffer, pH 8.0; 0.03 ml of 0.015 m DPNH or the deamino ana- 
logue of DPNH; and 15 units of the p(—)-LDH or 20 units of the 
L(+)-LDH; sodium pyruvate was added to yield the final indi- 
cated concentrations, and distilled H2O was added to a final vol- 
ume of 1.0 ml. The initial rate data were taken as the decrease 
in optical density at 340 my during the 30- to 90-second interval 
after the reaction was started by the addition of the enzyme. 


tration of 5 10-4 M, whereas the p( —)-enzyme is not inhibited 
by oxamic acid at a concentration of 8 X 10-* mM. The L(+)- 
enzyme was also 50% inhibited by oxamic acid at a concentration 
of 1.5 X 10-4 m when the enzyme was employed to catalyze the 
reduction of pyruvic acid; in this direction the p( —)-enzyme was 
not inhibited by oxamic acid at a concentration of 8 xX 107? Mo. 

Fluorescence studies were conducted to characterize the vari- 
ous interactions of the two dehydrogenases with the isomers of 
lactic acid, the 3-acetylpyridine analogue of DPN, and oxamic 
acid. When a solution of the p(—)- or L(+)-enzyme was illu- 
minated by 288 muy light, a fluorescence maximum appeared at 
350 mu. The addition of the 3-acetylpyridine analogue of DPN 
to the enzyme solution resulted in a decrease in the 350 my in- 
tensity. No other changes in the fluorescence pattern were ob- 
served. Experiments were conducted with the p(—)-enzyme in 
the presence of the 3-acetylpyridine analogue of DPN. The 
fluorescence spectra shown in Fig. 6 indicate that the addition of 
2 umoles of the L(+)-lactic acid is without effect on the 350 my 
intensity, whereas the addition of 2 umoles of p(—)-lactic acid 
causes a considerable decrease in the intensity of the 350 my 
peak. 

Fig. 7 shows the results obtained with the L(+)-enzyme, the 
3-acetylpyridine analogue of DPN, and the isomeric substrates. 
Upon the addition of p(—)-lactic acid to the enzyme-coenzyme 
mixture, there was a slight decrease in the 350 my intensity, 
which was presumed to result from the p( —)-enzyme contamina- 
tion of the L(+)-enzyme. Upon the addition of L(+)-lactic 
acid to the same mixture, there was a sharp decrease in the 350 
my intensity as well as a shift of the maximum towards a shorter 
wave length. In addition to the changes occurring at 350 muy, 
a new fluorescence peak appeared at 480 my, which is charac- 
teristic of the unbound form of the reduced 3-acetylpyridine 
analogue of DPN. 
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The addition of oxamic acid, at a final concentration of 10-3 
M, to the L(+)-enzyme-coenzyme solution, before the addition 
of L(+)-lactic acid, prevented the decrease in the 350 my in- 
tensity (Fig. 7, Curve VI). Similar effects on the p(—)-enzyme 
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Fic. 5. Inhibition of the L(+)-enzyme by oxamate. The 
standard assay system was employed, with the addition of potas- 
sium oxamate. The reaction was started by the addition of the 
enzyme. The pH of the reaction mixture was measured before 
and after the measurement of the rate, and was found not to have 
changed. 
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Fic. 6. Fluorescence spectra of the p(—)-enzyme in the pres- 
ence of p(—)- or L(+)-lactie acid, the acetylpyridine analogue of 
DPN and oxamate. Illumination was at 288 mu. Curve I, p(—)- 
lactic dehydrogenase; Curve II, I plus 1.5 uwmoles of acetyl- 
pyridine-* DPN ; Curve III, II plus 2 umoles of L(+)-lactate; Curve 
IV, II plus p(—)-lactate 2 wmoles; Curve V, II plus 8 u-moles 
of oxamic acid before the addition of 2 umoles of p(—)-lactie acid. 
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V). 

Heat Stability—In Fig. 8, the effect of preincubation at various 
temperatures on the rate of oxidation of lactic acid, as catalyzed 
by the two specific dehydrogenases, is presented. Small aliquots 
of the dehydrogenases were heated for 3 minutes in a water bath 
at the indicated temperatures, then cooled in an ice bath. The 
clear supernatant fluid remaining after centrifugation was de- 
canted and assayed for activity by means of the standard assay 
system. The p(—)-dehydrogenase is essentially inactivated by 
preincubation at 50° for 3 minutes, whereas the L(+)-enzyme 
retains 94% of its activity when exposed to the same pretreat- 
ment. | 

Substrate Specificity—The specificity of the two dehydrogenases 
for oxidizable substrates was studied by means of the standard 
assay system, in which 20 uwmoles of various p ,L-a-hydroxy acids 
were substituted for lactic acid. Both dehydrogenases were unable 
to utilize the following p,L-a-hydroxy acids as substrates: bu- 
tyric, caproic, isocaproic, isovaleric, and phenyl acetic. The pres- 
ence of the aforementioned p,t-a-hydroxy acid, in a 1:1 ratio, 
had no inhibitory effect on the oxidation of the specific isomers of 
lactic acid by the respective specific lactic acid dehydrogenases. 

The specificity of the two dehydrogenases for various keto acids 
was also investigated. Both the p(—)-dehydrogenase and L(+)- 
enzyme were able to utilize p ,L-a-ketobutyric acid as a reducible 
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Fig. 7. Fluorescence spectra of the L(+) enzyme in the presence 
of p(—)- or L(+)-lactic acid, the acetylpyridine-*DPN and oxa- 
mate. Illumination was at 288 mu. Curve I, L(+) lactic dehy- 
drogenase; Curve IJ, I plus 1.5 umoles of the acetyl pyridine-*DPN 
Curve III, II plus 2 wmoles of p(—)-lactate; Curve IV, II plus 0.75 
umole of L(+)-lactate; Curve V, II plus 2.0 umoles of 1(+)-lac- 
tate; Curve VI, II plus 8 umoles of oxamic acid before addition of 
2 umoles of L(+)-lactic acid. 
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system by oxamic acid could not be demonstrated (Fig. 6, Curve 
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Fic. 8. The heat stability of the p(—)- and L(+)-enzyme ac- 
tivity. The standard assay system was employed to assay these 
fractions. 


substrate at approximately identical rates, 25% of the pyruvic 
acid rate. The two dehydrogenases did not reduce D,L-a-keto- 
glutaric acid. 

Immunological Properties—Antisera were obtained from rab- 
bits immunized with the p( —)-lactic dehydrogenase or the L(+)- 
enzyme, as described in “Methods.” A preliminary examination 
of the antisera for the presence of precipitating antibody specific 
for the p(—)- or L(+)-dehydrogenase was conducted with the 
agar diffusion method of Ouchterlony (12). A schematic repre- 
sentation of the precipitation bands which developed after incuba- 
tion of the plates for 48 hours at room temperature is presented 
in Fig. 9. The extreme sensitivity of the method indicates the 
presence of several antigenic components in the purified prepara- 
tions, at least one of which is common to both of the enzyme prep- 
arations. 

The antisera were assayed by incubating them with the p(—)- 
or L( +)-lactic dehydrogenase, at a ratio of 10:1 (volume for vol- 
ume) at 0° for 20 hours. The clear supernatant fluid obtained 
after centrifugation of the mixture was assayed in the standard 
assay system. The pellet which resulted after centrifugation of 
the enzyme-antiserum mixture was resuspended in physiological 
0.96% sodium chloride solution to the original volume of the mix- 
ture. No dehydrogenase activity could be demonstrated in the 
resuspended precipitates. Table III summarizes the data ob- 
tained by preincubating the antisera with either of the two dehy- 
drogenases or with one of several lactic dehydrogenase prepara- 
tions from other sources. The anti-p serum inactivates the 
p(—)-dehydrogenase enzyme from L. plantarum, but does not 
exhibit any cross reactivity with any of the L(+)-enzyme prep- 
arations or the p(—)-enzyme from Leuconostoc mesenteroides. 
The anti-L serum inactivates the L(+)-dehydrogenase from L. 
plantarum, but does not cross react with the L(+)-enzyme prep- 
arations from other sources, or with any of the p(—)-enzymes. 

Sterospecificity of Hydrogen Transfer—The stereospecificity of 
the hydrogen transfer for the two dehydrogenases was investi- 

3’’'The mixture consisted of 0.1 ml of the purified fraction of the 


pD(—) or L(+) enzyme containing a total of 500 units, and 0.9 ml 
of the p(—) or L(+) antiserum. 
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gated by studying the reduction of pyruvic acid with reduced 
DPN (DPND*‘) containing 1 atom of deuterium per molecule of 
reduced DPN (form A). The resultant DPN was degraded to 
nicotinamide by incubating the reaction mixture with Neuro- 
spora DPNase. The nicotinamide was isolated, crystallized, and 
assayed for the presence of deuterium in a mass spectrometer.® 
The percentage of deuterium removed from the DPND during 
the course of the reaction as catalyzed by the p( —)- or the L(+)- 
lactic dehydrogenase was 90% or 93%, respectively. The two 
dehydrogenases have the same stereospecificity of hydrogen 
transfer as the yeast alcohol dehydrogenase enzyme and the 
animal tissue lactic dehydrogenases, namely, “A”’ specificity 
(13). 

Electrophoretic Studies—The dehydrogenases were subjected 
to electrophoresis in a hanging strip chamber with the use of 
either 0.002 m Tris buffer, pH 7.5, or 0.002 m acetate buffer, pH 
5.0, as the solvent system, and a current of 0.1 ampere at 850 
volts for 20 hours. Duplicate strips were developed either by a 
staining technique with the use of brom-thymol blue or by the 
enzymatic spot test procedure of Dennis.’ Two protein bands 
were detected by the brom-thymol blue spray procedure;/ how- 
ever both dehydrogenase enzymes were contained in one of these 
protein bands. The migrations of the two dehydrogenases were 
identical in both of the electrophoretic systems. When electro- 
phoresis was conducted in a 0.02 m Veronal buffer, pH 7.5, the 
enzymatic spot test procedure failed to develop any fluorescent 
bands, an indication that the Veronal buffer exhibited some in- 
hibitory effect on the two dehydrogenases or in some way 
quenched the fluorescence developed by the enzymatic spot test. 

Growth Studies—The ratio of the enzymes p(—)-lactic dehy- 
drogenase to L( +)-lactic dehydrogenase, referred to hereafter as 
the p:L ratio, in the sonicated dialyzed preparations was ob- 
served to vary from 2.0 to 0.7 in a series of different experiments. 
An attempt was made to influence this ratio by running con- 
trolled growth experiments in which single factors were known 
variables. Cultures grown in AC-1 media, with or without to- 
mato juice supernatant fluid, demonstrated no difference in their 
D:L ratio; however, a 2-fold increase in the wet weight of packed 
cells was obtained when cultures were grown in the presence of 
the tomato juice factor. Two strains of L. plantarum were as- 
sayed for their relative content of the two lactic dehydrogenases. 
Strain 8014, when grown under a variety of conditions, was found 
to contain only the L(+)-enzyme, and only L(+)-lactic acid was 
released into the growth media. Since no p( —)-lactic dehydro- 
genase production could be induced in this strain, it was decided 
not to use it as a source of the L(+)-enzyme, as comparisons of 
the enzymes from a single strain were desired. 


‘ DPND, reduced diphosphopyridine nucleotide containing one 
atom of deuterium in position 4 of the pyridine ring. 

5 Deuterium was introduced into the number 4 position of the 
pyridine ring by the enzymatic oxidation of C,-di-deutero-labeled 
ethanol in the presence of DPN and the yeast alcohol dehydro- 
genase enzyme according to Fisher et al. (14). 

6 We wish to thank Dr. A. San Pietro for his generous gift of 
the DPND (form A), and also for conducting the assays for deu- 
terium in the nicotinamide samples. 

7 The strips were sprayed with a mixture containing 50 uwmoles 
of p(—)- or L(+)-lactic acid, 8 wymoles of 3-acetylpyridine-*DPN, 
and 0.01 m Tris buffer, pH 7.5, added to a final volume of 5.0 ml. 
Bands containing the respective lactic dehydrogenases exhibited 
a blue ultraviolet fluorescence due to the reduced 3-acet ylpyridine- 
*DPN formed in the presence of the complete reaction system. 
The method will be described in detail in a future publication. 
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. Fia. 9. Representation of the precipitation bands observed in 
agar diffusion plate studies of the specificity of the L’ and D’ 
antisera obtained from rabbits immunized with the purified p(—)- 
or L(+)-enzymes. Discrete opaque areas (precipitation bands) 
are due to the specific interaction of an antigen and its respective 
antibody. L, purified L(+)-LDH enzyme; D, purified p(—)-LDH 
enzyme; L’, antiserum obtained from rabbits immunized with 
a Bl D’, antiserum obtained from rabbits immunized with 
p(—)-LDH. 


TABLE III 


Immunological properties of lactic dehydrogenases (LDH) 


The standard assay system was employed, except that the 
standard amount of enzyme which was added was contained in a 
larger volume, diluted by the addition of antiserum in the prein- 
cubation treatment. 


Rate after preincubation with 
Anti-p | Anti-t |Anti-EY* 
% % % 
Lactobacillus plan- 

p(—)-LDH 15 100 96 
Lactobacillus plan- 

TE L(+)-LDH 100 21 100 
Rabbit muscle........ L(+)-LDH : 100 100 
Leuconostoc mesente- 

p(—)-LDH 98 100 103 
Beef heart.......... L(+)-LDH 100 100 


* Antiserum obtained from rabbits immunized with egg yolk, 
used as nonspecific rabbit antisera control. Antisera-enzyme 
(10:1) preincubated at 0° for 20 hours. 
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Cultures grown at 30° or 37° exhibited no difference in their 
p:L ratios. Cells grown for 12, 16, 20, 24, and 48 hours ex- 
hibited no difference in their p:L ratios. Cultures grown under 
various: oxygen tensions exhibited very significant differences in 
the total wet weight yield of cells per volume, but no significant 
difference in the D:L ratio. Variation of the initial pH of the 
media from 8.0 to 6.0 produced no alteration in the p:L ratio. 
Variation of the sonication time from 10 to 30 minutes, of the 
sonication ratio from 2:1 to 6:1 (volume per weight); the sonica- 
tion media with 0.002 m phosphate buffer, pH 7.5, or distilled 
HO, also did not alter the p:L ratio. 

Cells grown in AC-1 media containing oxamic acid, in concen- 
trations of 5 X 10-*m to 1 x 10-‘M, exhibited growth in a 24- 
hour period comparable to that of the control grown in the ab- 
sence of oxamic acid. After the organisms were harvested, the 
media were assayed for p(—)- and L(+)-lactic acid, and were 
found to be similar either with or without added oxamic acid. 

Kopeloff et al. (15) have reported that L. plantarum (denoted 
arabinosus in the reference) may exist in two morphologically 
distinct forms which release into the growth media different 
mixtures of the isomers of lactic acid. One form, denoted R 
(rough), releases a racemic mixture of lactic acid into the growth 
media, whereas the other form, denoted S (smooth), releases 
optically-active lactic acid into the growth media. In the course 
of preparing routine single cell isolates by plating techniques, no 


apparent morphological differences were observed among cul- ~ 


tures which subsequently demonstrated variations in their ratio 
of the p:L dehydrogenases. 


DISCUSSION 


The experiments of Kitahara et al. (2, 3) suggest the occur- 
rence of two lactic acid dehydrogenases in L. plantarum, each 
specific for one of the isomers of lactic acid. We have separated 
these enzymes from each other and demonstrated that they are 
distinctly different molecules. The presence of these two stereo- 
specific dehydrogenases can account for the racemization of lactic 
acid as observed in whole cells or acetone powders of L. plan- 
tarum. Pyruvic acid is a product common to both enzymes and 
therefore would serve to couple the dehydrogenases to form a 
reaction pathway for the racemization of lactic acid. 

The inverse relationship of the affinities of the two enzymes 
for lactic acid when DPN or the 3-acetylpyridine analogue of 
DPN is employed as a coenzyme, indicates that the structure of 
the two proteins at their coenzyme-binding sites may be differ- 
ent. The p(—)-lactic dehydrogenase can utilize the 3-benzoyl- 
pyridine analogue of DPN as a coenzyme, whereas the L(+)- 
dehydrogenase is essentially inactive with this nucleotide; this 
fact suggests that the phenyl group at the 3 position of the pyr- 
idine ring is a restrictive factor in the binding of the 3-benzoyl- 
pyridine analogue of DPN at the catalytic site of the L(+)-de- 
hydrogenase. The quantitative and qualitative differences 
observed when other DPN analogues were employed as hydrogen 
acceptors would suggest that considerations other than steric 
hindrance are involved in the differential ability of the two en- 
zymes to utilize these compounds as cofactors. 

van [ys et al. (16) have suggested that the principal difference 
between a p(—)- and an L(+)-specific lactic acid dehydrogenase 
may be the charge on the protein surface at the substrate-binding 
site. In one case the substrate, lactic acid, approaches the active 
site with its carboxyl group directed down toward a positive 
charge on the protein surface. In the case of the enzyme specific 
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I L(+) LDH, D(-) LACTIC ACID 


Fic. 10. Model scheme for the substrate-binding site of the 
L(+)-enzyme. Pyridine moiety of DPN: Side (1) and Side (2) 
positions of the reduced coenzyme are indicated on the figures. 
(X), hydrogen-binding site on protein surface; (+) positively 
charged site on protein surface; O, C; ®, CH;; @, COO-. 


for the opposite isomer, the lactic acid approaches the binding 
site with its methyl group directed down towards a negative 
charge on the protein surface. Our modifications of this enzyme 
model are presented in Figs. 10-12. In Models I, II, and III 
(Fig. 10), the enzyme surface of an L(+)-lactic dehydrogenase 
enzyme is depicted in which the binding site of the enzyme bears 
a positive charge, indicated by (+). The plane of the pyridine 
ring moiety of DPN is placed at a right angle to the plane of the 
protein surface so that the 4 position of the pyridine ring faces 
the binding site on the protein surface. An auxiliary hydrogen- 
bonding site, (X),® is located on a different plane of the protein 
surface. In Model II, a molecule of L(+)-lactic acid is located 
on the binding site, so positioned that its carboxyl group is elec- 
trostatically bound to the positive charge on the enzyme surface 
and the a OH group is hydrogen bonded to site (X). The a 
hydrogen which will be involved in the hydride shift is located 
near side 1 of the pyridine ring of DPN. In Model III, a mole- 
cule of p(—)-lactic acid is located on the binding site, so posi- 
tioned that its carboxyl group is electrostatically bound to the 
positive charge on the enzyme surface. When the a OH group 
is hydrogen bonded to site (X), the a@ hydrogen is not in close 
proximity to either side 1 or side 2 of the pyridine ring, and the 
hydride shift does not occur. According to this scheme, the 
enzyme should be specific for the L(+)-isomer of lactic acid. 


8 (X) may represent another pyridine nucleotide moiety or some 
other hydrogen-binding site on the protein such as an imidazole 


group. 
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In Models IV, V, and VI (Fig. 11), the enzyme surface of a 
p( —)-lactic dehydrogenase enzyme is depicted in which the sub- 
strate-binding site possesses a hydrophobic environment, de- 
noted by (R). The other characteristics of the binding site of 
the p( —)-dehydrogenase enzyme are like those described above 
for the L(+)-enzyme. In Model V, a molecule of p( —)-lactic 
acid is located on the binding site, so positioned that its methyl 
group is attracted to the hydrophobic environment on the enzyme 
surface. The a OH group is hydrogen bonded to site (X). The 
a hydrogen which will be involved in the hydride shift is posi- 
tioned near side 1 of the pyridine ring of DPN. In Model VI, 
a molecule of L(+)-lactic acid is located on the substrate-binding 
site, so positioned that its methyl group is attracted to the hy- 
drophobic environment on the enzyme surface. If the orienta- 
tion is as in structure VI, the hydrogen bonding position between 
(X) and the OH is not possible and hydride transfer cannot occur. 
If the lactate is rotated so that the OH group undergoes hydrogen 
binding with the (X) grouping, the a hydrogen would not be in 
close proximity to position 4 of the pyridine ring and again hy- 
dride transfer would be impossible. 

The primary difference between the p(—) and L(+) specific 
lactic dehydrogenases in these models is in the charge on the 
protein surface at the substrate-binding site. Certain experi- 
mental observations are consistent with the proposed models. 
In the models the stereospecificity of the hydrogen transfer is 
the same for both the p(—)- and L(+)-specific enzymes. The 
stereospecificity of the hydrogen transfer was observed experi- 
mentally to be identical for both enzymes, namely that of the 
yeast alcohol dehydrogenase enzyme (form “A’”’). Oxamic acid 
has been demonstrated to inhibit L(+)-lactic dehydrogenase but 
not p(—)-enzymes. This preferential inhibition is consistent 
with the proposed models for the two enzymes. In Model VII 
(Fig. 12), a molecule of oxamic acid is located at the binding site 
of the L( +)-enzyme; its carboxyl group is electrostatically bound 
to the positive charge on the enzyme surface. The amino group 
is hydrogen bonded to site (X). This complex must be postu- 
lated to be more stable than the p( —)-lactic acid-L( +)-dehydro- 
genase complex, since D(—)-lactic acid is not a competitive in- 
hibitor of the L(+)-enzyme.? In Model VIII the formation of 
the oxamic acid-p( —)-lactic dehydrogenase complex is prohibited 
by the repulsion of oxamic acid by the hydrophobic environment 
on the protein surface at the binding site of the p( —)-dehydro- 
genase. 

Differences in the gross protein structure are indicated by the 
large variation in the heat stability of the two enzymes, and by 
the lack of cross reactivity of the specific antisera. If one as- 
sumes that a whole serum obtained from a rabbit immunized 
with a large protein antigen contains a spectrum of antibodies 
each specific for a different relatively small segment of that anti- 
gen, the lack of cross reactivity of that serum with a second an- 
tigen might indicate that profound differences exist between the 
protein structures of the two antigens. 

The comparable migration of the enzymes in an electric field 
indicates that the size and net charge of the two molecules are 
very similar; however, this criterion obviously does not neces- 
sarily reflect differences between the two enzymes in amino acid 
sequence, composition, or charge distribution. 

Attempts to alter the p:L ratio, obtained in sonicated prepara- 

® The p(—) isomer of lactic acid was observed to inhibit the 


activity of the L(+) specific enzyme 20% when the p:L ratio was 
10:1 (200 unmoles p(—)-lactie acid and 20 umoles L(+)-lactie acid). 
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Fig. 12. Model scheme for the substrate-binding site of the 
p(—)- and L(+)-enzymes depicting the preferential binding of 
oxamic acid on the L(+)-enzyme. For definitions of symbols see 
Figs. 10 and 11. 
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_ Fig. 11. Model scheme for the substrate-binding site of the 
pD(—)-enzyme. 
surface; for definitions of other symbols see Fig. 10. 
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tions of whole cells, in a controlled manner by varying single 
parameters of the growth conditions were unsuccessful. Since 
the p:L ratio was observed to vary unpredictably in different 
preparations, the possibility exists that multiple factors may be 
involved in altering the ratio of the two dehydrogenases. 

The role of the lactic acid “‘racemizing system” in the metabolic 
scheme of the bacteria might be to transform a carbon skeleton 
precursor having the L(+) configuration in the a@ position into a 
carbon skeleton with the p(—) configuration in the @ position. 

Another role for the individual dehydrogenases might be to 
integrate two pathways of carbohydrate metabolism. Normal 
anaerobic glycolysis would give L(+)-lactic acid, whereas p(—)- 
lactic acid could be formed from the glyoxalase system. The 
function of the p(—)-lactic acid dehydrogenase may be to con- 
vert p(—)-lactic acid to pyruvic acid, which could be utilized to 
synthesize some other compound such as alanine. It should be 
pointed out, however, that the glyoxalase system, as described 
by Racker (17), has not as yet been demonstrated in L. plan- 
tarum. 


SUMMARY 


1. The two stereospecific lactic dehydrogenases, L(+) and 


p(—), of Lactobacillus plantarum have been purified and sepa- 


rated from each other. 

2. The purified enzymes have been characterized with respect 
to various physical, chemical, catalytic, and immunological prop- 
erties. The enzymes may be distinguished on the basis of these 
properties. 

3. Enzyme models are presented which propose the primary 
difference between the two enzymes. These enzyme models are 
discussed with respect to the substrate specificity, the preferen- 
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tial inhibition by oxamic acid of the L( +)-enzyme, and the stereo- 
specific hydrogen transfer properties of the two lactic dehydro- 
genases. 
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Renal enzymic mechanisms associated with the process of uric 
acid excretion in avain species have not been characterized. 
Early work on uric acid synthesis in pigeons established the 
kidney as the site of the terminal conversion of hypoxanthine to 
uric acid (1). <A detailed study of this reaction in pigeon and 
chicken kidney here reported shows that uric acid synthesis in 
these tissues is catalyzed by a diphosphopyridine nucleotide- 
dependent hypoxanthine dehydrogenase. 

Chicken liver contains a flavoprotein enzyme which v was puri- 
fied by Remy et al. (2) and characterized as a hypoxanthine de- 
hydrogenase on the basis of its catalyzing uric acid synthesis 
from hypoxanthine in air at only 1% of the rate found in the 
presence of methylene blue. In a crude chicken liver system 
Morell (3) found uric acid synthesis associated with diphospho- 
pyridine nucleotide reduction. A similar finding in a partially 
purified chicken liver preparation was reported by Felig and 
Wiley (4). Pigeon liver, however, does not synthesize uric acid 
(1). Avian species apparently utilize dehydrogenase mechanisms 
for uric acid production and in the case of kidney tissue where 
the reaction may have unique functional importance in terms of 
tubular secretory processes, the diphosphopyridine nucleotide 
dependence of the system is readily demonstrated. ‘The puri- 
fied chicken kidney hypoxanthine dehydrogenase reported herein 
differs in several respects from mammalian xanthine oxidase and 
from the chicken liver enzyme. Mahler (5) and De Renzo (6) 
have discussed the mechanism of action and chemical charac- 
terization of mammalian xanthine oxidase. 


EXPERIMENTAL 


Materials and Methods—DPN and TPN were purchased from 
the Pabst Laboratories; DEAE-cellulose from Eastman Organic 
Chemicals; DPNH, cytochrome c and p-chloromercuribenzoate 
from Sigma Chemical Company, sodium pyruvate from C. F. 
Boehringer Company, and hypoxanthine from the Nutritional 
Biochemicals Corporation. 

Protein was determined by the Sutherland modification (7) of 
the Folin-Ciocalteau method. Bovine albumin was employed 
as a protein standard. Iron was determined by the method of 
Kitzes et al. (8) and molybdenum by the method of Ellis and 
Olson (9). Flavin adenine dinucleotide was measured fluoro- 
metrically by the method of Bessey et al. (10). Microbiological 


| assays for enzyme riboflavin employed the procedure of Strong 


* Present address, Department of Pharmacology, Vanderbilt 
University School of Medicine, Nashville, Tennessee. 


(11). Fluorometric measurements were made on a Farrand 
Fluorometer model A or an Aminco Bowman Spectrophotofluor- 
ometer. Lactic dehydrogenase was assayed spectrophotometri- 
cally at 340 my (12). Calcium phosphate gel was prepared by 
the method described by Wood (13). 

Purification of Enzyme—Hypoxanthine dehydrogenase activity 
is greater in pigeon kidney than in chicken kidney, but because 
the latter tissue is more readily available it is a preferable starting 
material. The fractionation of pigeon and chicken kidney and 
the properties of the purified enzyme show no significant differ- 
ences. Extracts of normal mammalian kidneys contain no de-. 
tectable hypoxanthine dehydrogenase. 

Chicken backs were obtained from the local meat market. If 
well refrigerated, the tissue yielded active enzyme preparations 
within 24 hours of slaughtering. The kidneys were dissected 
from surrounding structures and 500 g of tissue were disrupted 
in several batches in a glass homogenizer in 1 volume of 0.17 m 
potassium phosphate buffer, pH 7.4, at 4°. All subsequent op- 
erations were conducted at 4° unless otherwise specified. The 
homogenate was centrifuged at 105,000 x g for 90 minutes at 
0° in a Spinco preparative ultracentrifuge. The supernatant 
fraction was placed in a constant temperature water bath at 56° 
and stirred constantly for 12 minutes, or until the temperature 
of the solution reached 56°. The preparation was then quickly 
chilled in an ice bath and centrifuged for 15 minutes at 15,000 x 
g at 0°. Acetone, 69 ml, cooled to —10°, was slowly added 
with constant stirring to 160 ml of supernatant solution at 0°. 
The temperature of the mixture was kept at 0° to —5° in a Dry- 
Ice-ethanol bath. The precipitate was removed by centrifuga- 
tion at 15,000 x g for 15 minutes at 0° and discarded. The 
supernatant solution was adjusted to —5° and, while maintain- 
ing this temperature, another 23 ml of cold acetone were added. 
The precipitate of the 30 to 40% acetone fraction was collected 
by centrifugation at 15,000 x g at 0° for 15 minutes and dissolved 
in 65 ml of 0.05 m potassium phosphate buffer, pH 7.4, which 
contained 0.001 m sodium ethylenediaminetetraacetate. This 
fraction was dialyzed for 6 hours in 0.005 m PO, buffer, pH 7.4, 
which contained 0.001 m sodium ethylenediaminetetraacetate. 
The dialyzed fraction contained cytochrome and about 100 times 
more lactic dehydrogenase than hypoxanthine dehydrogenase. 

Several additions (usually 4) of aliquots of 10 ml of calcium 
phosphate gel suspension containing 30 mg of gel per ml were 
made to the dialyzed fraction. After each addition the mixture 
was stirred for 5 minutes and the gel centrifuged. The super- 
natant solution was assayed for enzyme activity, and the addi- 
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tion of gel was repeated until the enzyme was adsorbed. The gel 
fractions were successively eluted with 10 ml each of 0.04 m, 0.1 
M, 0.2 m, and 1 m potassium phosphate, pH 7.4. Eluates were 
assayed and the high specific activity fractions combined and 
again dialyzed as described above. Some variability in desorp- 
tion of enzyme from gel was encountered but usually the 0.1 m 
and 0.2 fractions contained the highest specific activity. There 
was about 60% loss of total enzyme in this fractionation step, 
but much of the supernatant cytochrome and about 95% of the 
contaminating lactic dehydrogenase was removed. The enzyme 
was labile after desorption from gel, and it was necessary to ac- 
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Fic. 1. Partial resolution of hypoxanthine dehydrogenase ac- 
tivity from other components on a DEAE-cellulose column em- 
ploying a dialyzed preparation after gel desorption and ammonium 
sulfate fractionation. The specific activity of hypoxanthine de- 
hydrogenase and lactic dehydrogenase prior to the DEAE-cellu- 
lose column was 46.5 and 43.6, respectively. Protein (@——@) 
is designated in wg per ml of eluate, cytochrome (O----O) as 
OD X 10* of undiluted eluate at 405 my, the y peak of the cyto- 
chrome fraction, and lactic dehydrogenase (X--—-X) and hy- 
poxanthine dehydrogenase (O--—0) as specific activity (units per 
mg. of protein). Fractions of 10 ml each were collected at a flow 
rate from the column of 2 ml per minute. 


TABLE I 
Purification of hyporanthine dehydrogenase 
Enzyme fraction Total units Specific activity 
units/mg protein 
Gel and ammonium sulfate.......... 3,100 50 
Ammonium sulfate 35 to 55% (gel step 
DEAE-column (gel step omitted). .... 10,800 | 48-80 
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complish the subsequent step without delay. Solid ammonium 
sulfate was added to the gel eluate fraction and, by addition of di- 
lute NH,OH, pH (determined with pH 6.0 to 8.0 indicator paper), 
was maintained at approximately 7.4. The fraction precipitat- 
ing between 32 and 58% saturation with ammonium sulfate con- 
tained the hypoxanthine dehydrogenase activity. The precipi- 
tate was dissolved in 40 ml of 0.05 m phosphate buffer, pH 7.4, 
which contained sodium ethylenediaminetetraacetate 0.001 
and was dialyzed for 6 hours against 4 liters of 0.005 m_ buffer, 
0.001 m sodium ethylenediaminetetraacetate. The dialyzed frac- 
tion was then adsorbed on a DEAE-cellulose column of 2 em 
diameter and 40 ml volume which had been previously treated 
by washing with 0.005 m phosphate buffer, pH 7.4, containing 
0.001 m sodium ethylenediaminetetraacetate. Gradient elution 
from the column was employed with 800 ml of distilled water in 
the mixing chamber and a solution of 0.2 M potassium phosphate, 
pH 8.0, in the reservoir. The enzyme was sufficiently stable on 
the column so that this operation could be conducted at room 
temperature. Chromatographic fractionation achieved apparent 
resolution of cytochrome from hypoxanthine dehydrogenase and 
further separation of residual lactic dehydrogenase. The resolu- 
tion of these components on a DEAE-cellulose column is illus- 
trated in Fig. 1. By increasing the buffer gradient to 1 M im- 
mediately after the hypoxanthine dehydrogenase enzyme peak 
(approximately 7 column volumes), the remaining enzyme was 
concentrated about 10-fold without increasing the elution rate of 
residual lactic dehydrogenase. This resulted in a fraction with 
lactic dehydrogenase specific activity of less than 3 and hypo- 
xanthine dehydrogenase specific activity of approximately 150. 
Table I summarizes representative data on the yield and purifi- 
cation of hypoxanthine dehydrogenase through several fraction- 
ation procedures. 

In the absence of sodium ethylenediaminetetraacetate, prepa- 
rations stored at —15° lost all activity within 2 weeks. By stor- 
ing preparations in 5 X 10-3 m sodium ethylenediaminetet- 
raacetate and employing this compound in the course of 
purification, it was possible to maintain full activity for 1 to 2 
weeks and between 30 and 60% of the original activity for 1 
month. 

Enzyme Assay—One unit of hypoxanthine dehydrogenase is 
defined as equivalent to the production of 0.01 wmole of DPNH 
per minute under the following standard assay conditions: 0.75 
umole of hypoxanthine, 3 ymoles of DPN, and enzyme in a total 
volume of 3.3 ml of 0.01 m phosphate buffer, pH 7.4. Incuba- 
tions were conducted in silica cuvettes at room temperature and 
increment absorption at 290 my and 340 my followed in the ul- 
traviolet spectrophotometer for determination of the amount of 
uric acid and DPNH formed in the reaction (14). 

Lactic dehydrogenase activity was assayed with 0.5 umole of 
sodium pyruvate, 0.5 umole of DPNH, and enzyme in a total 
volume of 3.3 ml of 0.01 mM phosphate buffer, pH 7.4. For com- 
parative purposes, the units of lactic dehydrogenase activity were 
those employed for hypoxanthine dehydrogenase. 

Properties of Hypoxanthine Dehydrogenase—The following re- 
actions are catalyzed by hypoxanthine dehydrogenase: Hypo- 
xanthine + 2 DPN — uric acid + 2 DPNH; and xanthine + 
DPN — uric acid + DPNH. The optimal rate of reaction was 
found in phosphate and tris(hydroxymethyl)aminomethane buf- 
fers at pH 8.0. The reactions were not reversible and the dis- 
mutation of xanthine to hypoxanthine and uric acid reported by 
Green (15) to occur with milk xanthine oxidase was not found 
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with the kidney enzyme. The enzyme had no diaphorase 
(DPNH oxidase) activity and DPNH was not oxidized in the 
presence of cytochrome c. In the absence of DPN the rate of 
uric acid synthesis from hypoxanthine was less than 1% that 
found in the presence of the coenzyme. Oxidase activity for 
xanthine was approximately 5% that of the DPN reaction when 
purified preparations of enzyme were employed, but was unde- 
tectable in crude extracts. TPN did not substitute for DPN in 
the reaction, but methylene blue and hydroxylamine served as 
hydrogen acceptors. Milk xanthine oxidase is strongly inhibited 
by 5 X 10-* m hydroxylamine (16); at this concentration hy- 
droxylamine replaced DPN in the chicken kidney hypoxanthine 
dehydrogenase system. The kidney enzyme was incapable of 
catalyzing uric acid synthesis if DPN was replaced by cytochrome 
c, ferricyanide, and 2,6-dichlorophenolindophenol. Acetalde- 
hyde was a substrate in the DPN dehydrogenase system but the 
reaction took place at a very slow rate. The apparent Michaelis 
constants calculated by the method of Lineweaver and Burk (17) 
for substrates in the hypoxanthine dehydrogenase reaction re- 
corded in Table II were similar to comparable data reported by 
by Mackler et al. (18) for milk xanthine oxidase. The turnover 
of milk xanthine oxidase calculated by Horecker and Heppel 
(19) for hypoxanthine in the presence of oxygen was 80 mmoles 
per minute per mmole of flavin. A comparable calculation for 
chicken kidney hypoxanthine dehydrogenase in the presence of 
DPN gave a turnover of 270 mmoles per minute per mmole of 
flavin. 

Inhibitors—As in the case of milk xanthine oxidase, compounds 
which react with sulfhydryl groups inhibit the dehydrogenase 
enzyme. One unit of enyzme was completely inhibited by 3.5 x 
10-® m p-chloromercuribenzoate and over 50% inhibited by 
5 marsenite. Prior addition of 10-3 m cysteine protected 
the enzyme from both inhibitors. Arsenite inhibition was not 
reversed by subsequent addition of 10-* m cysteine, but this con- 
centration of cysteine restored activity to the mercurial-inhibited 
enzyme. Cyanide at a concentration of 10-* m progressively 
inhibited hypoxanthine dehydrogenase during the course of in- 
cubation resulting in over 50% decrease in the rate of reaction 
after 30 minutes. Preincubation of enzyme with hypoxanthine 
had no effect on the action of these inhibitors. 

Adenine, 6-mercaptopurine, and 6-selenopurine reacted slowly 
with hypoxanthine dehydrogenase and DPN and at concentra- 
tions of 3 produced approximately 50° noncompetitive 
inhibition of uric acid synthesis from hypoxanthine. Chloro- 
thiazide, a potent diuretic agent, competitively inhibited hypo- 
xanthine dehydrogenase as shown in Fig. 2. Milk xanthine 
oxidase was also inhibited by chlorothiazide under comparable 
conditions, and the extent of inhibition was similarly related to 
hypoxanthine concentration. Two other diuretic agents, theo- 
phylline and acetazolamide, produced no inhibition of uric acid 
synthesis by these enzymes. 

FAD Content and Enzyme Spectra—The flavoprotein character 
of chicken kidney hypoxanthine dehydrogenase is based on the 
fluorometric assay of FAD which shows a relatively constant 
ratio of FAD to enzyme specific activity throughout several 
steps of purification in different preparations (Table II). Fluoro- 
metric emission spectra of the native enzyme in the spectrophoto- 
fluorometer did not show the maximum at 520 mu characteristic 
of riboflavin. However, this maximum was observed after de- 
proteinizing the enzyme with 20% trichloroacetic acid and neu- 
tralizing the supernatant solution. The riboflavin content of 
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TABLE II 
FAD and enzyme activity 


The ratio of FAD-riboflavin and enzyme activity at various 
stages of purification. 


Mg. FAD-riboflavin/ 


Enzyme fraction of activity 


0.9/100,000 
1.48/100,000 


Ammonium 
DEAE-column combined fractions........... 
DEAE-column single fractions from the en- 
1.35-1.47/100,000 


Combined fractions from DEAE-column; gel 


DEAE-column after acetone step; single frac- 
tions from the enzyme peak............... 1.3-1.4/100,000 
0.5 1 
A 
/ 
0.4 - 
/ 
4 
4 
0.3 - 
4 


4 340 mu 
l 


T T 
10 15 20 25 30 
MINUTES 


Fic. 2. The effect of increasing concentration of hypoxanthine 
on chlorothiazide inhibition of hypoxanthine dehydrogenase. In 
the absence of chlorothiazide the enzyme showed maximal activity 
at all three concentrations of hypoxanthine: O---O, 3 X 10-4 m 
chlorothiazide + 3 X 10°-¢ m hypoxanthine; A----A,3 X 10°* 
chlorothiazide + 6 X 10-4 m hypoxanthine; X——X,3 X 10°* 
chlorothiazide + 12 X 10-4 m hypoxanthine, @- - -@, hypoxan- 
thine control. 


the enzyme was further confirmed by microbiological assay with 
L. casei (11). Atabrine at a concentration of 3 x 10~* m did 
not inhibit this enzyme. 

Unlike milk xanthine oxidase, chicken kidney hypoxanthine 
dehydrogenase did not show an ultraviolet absorption spectrum 
characteristic of FAD. The absorption spectrum of the dehy- 
drogenase enzyme shown in Fig. 3 had a maximum at 405 my. 
On incubation of the enzyme with hypoxanthine and DPN this 
band was reduced about 50%, whereas treatment of the enzyme 
with dithionite completely reduced the peak. Heat denatured 
enzyme redissolved in dilute alkali had an absorption maximum 
at 410 my, a finding similar to that reported for milk xanthine 
oxidase (18). Concentrated solutions of purified hypoxanthine 
dehydrogenase exhibited a vellow color and on the basis of the 
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Fic. 3. Spectral data from a purified enzyme preparation. 
Concentration of the enzyme or denatured enzyme supernatant 
fraction was carried out by lyophilization in a dark flask. 
X---X, concentrated enzyme; @- --@, concentrated enzyme 
reduced with dithionite; A---A difference spectra (oxidized — 
reduced enzyme (+0.5) in critical region; O---O, concentrated 
supernatant fraction from heat denaturation. Protein concen- 
tration for the enzyme spectrum was approximately 3 mg per ml. 


TABLE III 
Kinetic constants 


Values were obtained from Lineweaver-Burk plots. Determi- 
nations were made at 22° in phosphate buffer (0.05 m; pH 7.4) with 
highly purified enzyme. 


Substrate Acceptor 
Hyporanthine................. DPN 0.001 6.6 X 10-5 
Hypoxanthine 2.2 K 10-*m...| DPN 5.5 X 10-5 M 
Hypoxanthine 2.2 K 10° m...| Hydrozylamine| 2.1 10°? Mm 
Acetaldehyde.................. DPN 0.001 m 6.8 X 10°? M 
Hypoxanthine................ Methylene blue| 3.6 


* K,, is for italicized compound. 


column fractionation data (Fig. 1) were apparently free of con- 
taminating supernatant cytochromes. However, the cytochrome 
which occurs abundantly in the chicken kidney supernatant 
fraction exhibited a prominent y absorption maximum at 405 
my and small a and8 peaksat 570 and 520 mp. Heat treatment 
of this cytochrome, followed by solution of the denatured protein 
in dilute alkali, also resulted in the appearance of a 410 my ab- 
sorption band. It is possible that the iron protein of hypoxan- 
thine dehydrogenase and the cytochrome fractions show similar 
spectral characteristics or, that an extraneous protein fraction 
contaminates the enzyme. The absorption spectra of chicken 
liver xanthine dehydrogenase reported by Remy et al. (2) closely 
resembles that shown in Fig. 3. 

The content of molybdenum and iron was determined after 
ashing the purified enzyme. The ratio of FAD-molybdenum- 
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iron was 1:1:8. Similar analytical values have been reported 
for chicken liver xanthine dehydrogenase (2). 

Effect of Associated Lactic Dehydrogenase—In chicken kidney 
extracts lactic dehydrogenase activity was associated with hypo- 
xanthine dehydrogenase activity through several stages of purifi- 
cation. These enzymes were resolved by gel adsorption and 
DEAE-column chromatography. The effect of adding lactic 
dehydrogenase and pyruvate to the column purified hypoxan- 
thine dehydrogenase is shown in Fig. 4A and B. In the presence 
of lactic dehydrogenase and 5 X 10-4 m pyruvate the pyridine 
nucleotide was kept in the oxidized state and hypoxanthine de- 
hydrogenase activity was sustained with 2 x 10-5 m of DPN. 
In the absence of pyruvate maximal sustained activity was 
found with 10-* m DPN. A 63% increase over this maximal 
rate was found upon addition of pyruvate and lactic dehydro- 
genase when 10-*m DPN was employed. The increased rate of 
uric acid synthesis began after an initial 5-minute lag period 
which was not abolished by preincubation with DPN, hypoxan- 
thine, or DPNH. Five minute preincubation with both hypo- 
xanthine and DPN before adding lactic dehydrogenase and py- 
ruvate abolished the lag. 

DPNH inhibits hypoxanthine dehydrogenase and continuous 
removal of the reduced coenzyme might account for some of the 
increase in reaction rate produced by lactic dehydrogenase. 
DPNH, 1.5 xX 10‘ Mm, inhibited the enzyme about 5% 
and DPNH, 5 xX 10-4 m, about 20%. The inhibition was not 
reversed by 20-fold excess levels of DPN. After 5 minutes of 
incubation, in the absence of pyruvate and lactic dehydrogenase, 
the DPNH level was about 4 X 10-°m. The removal of this 
amount of free DPNH from the medium would not account for 
the 63% increase in rate of uric acid formation found when pyru- 
vate and lactic dehydrogenase were added. An alternative ex- 
planation is that the effect of lactic dehydrogenase and pyruvate 
is upon the DPNH bound to hypoxanthine dehydrogenase. The 
increase in reaction rate would then be due to the regeneration 
of oxidized pyridine nucleotide on the enzymatic site. Cori et al. 
(20) and Nygaard and Rutter (21) have demonstrated instances 
of isolated enzyme bound pyridine nucleotides reacting with 
other enzyme systems. 

The optimal pH of the hypoxanthine dehydrogenase reaction 
was lowered in the presence of pyruvate and lactic dehydrogenase 
as shown in Fig. 5 and this new optimum was identical with 
that for pyruvate reduction. 


DISCUSSION 


The excretion of uric acid in avian species (22), entails enzymic 
dehydrogenation linked to DPN reduction in the terminal con- 
version of hypoxanthine to uric acid in kidney tissue. The re- 
lationship of this enzyme reaction to the renal tubular secretory 
process for uric acid is not known. In extracts of renal tissue 
from normal pig, dog, and man hypoxanthine dehydrogenase ac- 
tivity and uric acid formation was not found. The comparative 
biochemical significance of the dehydrogenase activity in bird 
kidney may be concerned with the relative economy of the ana- 
erobic mechanism for synthesis or tubular secretion of the large 
amounts of uric acid excreted by birds. Studies with purified 
chicken kidney enzymes showed that the rate of the hypoxan- 
thine dehydrogenase reaction was accelerated by the reduction 
of pyruvate and regeneration of DPN during simultaneous in- 
cubation with lactic dehydrogenase. The high concentration of 
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Fic. 4. The effect of varying concentrations of DPN, and of lactic dehydrogenase and pyruvate on the formation of uric acid 
from hypoxanthine. Substrates were incubated with 1.7 units of hypoxanthine dehydrogenase and lactic dehydrogenase. The 
concentration of hypoxanthine was 2.2 X 10-‘ M, that of pyruvate was 5 X 10-4 m, and that of DPN as indicated. Total volume 3.3 


ml in 0.05 m phosphate buffer, pH 7.4. 


these enzymes in bird kidney suggests that a similar relationship 
might operate to promote uric acid excretion. 

Milk xanthine oxidase and the hypoxanthine dehydrogenase 
enzymes prepared from avian tissues show absorption in the 
region of 405 my. This absorption band is prominent in the 
spectra of the chicken kidney enzyme where it is partially con- 
verted to the spectra of the reduced forms on incubation with 
substrates. The heat denatured proteins of the mamalian and 
avian enzymes from which the flavin moiety has been removed, 
have an absorption maximum at 410 my in alkaline solution 
(Fig. 3). Treatment of the purified cytochrome component of 
the chicken kidney supernatant fraction in the same manner 
gave a solution which also exhibited an absorption maximum at 
410 mp. The latter finding indicates that the 410 my absorption 
is associated with the iron protein component of the enzymes. 

Mammalian and avian enzymes which convert hypoxanthine 
to uric acid contain iron, FAD, and molybdenum. The ratio of 
these components in milk xanthine oxidase is 8:2:1, in mam- 
malian liver xanthine oxidase 4:1:1, and in avian dehydrogenase 
enzymes, purified from liver or kidney tissue, 8:1:1. All of these 
preparations are inhibited by cyanide and compounds which re- 
act with sulfhydryl groups. The principal difference between 
the chicken kidney hypoxanthine dehydrogenase and the other 
enzymes is in respect to the mechanism of hydrogen transfer. 
Kidney hypoxanthine dehydrogenase utilized hydroxylamine as 
a hydrogen acceptor, whereas the other enzymes were inhibited 
by this compound; DPN was the naturally occurring hydrogen 
acceptor and TPN was inactive. Furthermore, chicken kidney 
hypoxanthine dehydrogenase showed no DPN oxidase activity 
in the presence or absence of cytochrome c in contrast to the 
other preparations. The structural basis for the differences in 
behavior of the several hypoxanthine oxidizing enzymes is not 
known, but investigation of mechanism of action of these enzymes 
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Fic. 5. Comparison of pH dependence of hypoxanthine dehy- 
drogenase activity alone and with lactic dehydrogenase plus py- 
ruvate. Phosphate buffers and the conditions described in the 
legend to Fig. 4 were employed (DPN = 10-* ). 


should be aided by systematic comparison of the basic features 
of the hydrogen transfer reactions. 
SUMMARY 


The enzymic synthesis of uric acid from hypoxanthine in 
chicken kidney is accomplished through a diphosphopyridine nu- 
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cleotide (DPN)-linked dehydrogenation. The enzyme has been 
purified several hundred-fold. Like other uric acid-synthesizing 
enzymes, chicken kidney hypoxanthine dehydrogenase contains 
flavin adenine dinucleotide, molybdenum, and iron, and is in- 
hibited by cyanide and compounds which react with sulfhydryl 
groups. Hydroxylamine inhibits mammalian hypoxanthine 
oxidases and chicken liver hypoxanthine dehydrogenase. The 
chicken kidney enzyme has the ability to utilize hydroxylamine 
as a hydrogen acceptor in place of DPN. Chicken kidney hypo- 
xanthine dehydrogenase has no DPNH oxidase activity in the 
presence or absence of cytochrome c._ The rate of uric acid syn- 
thesis by the kidney hypoxanthine dehydrogenase is accelerated 
upon simultaneous pyruvate reduction by lactic dehydrogenase. 
The kinetics of this system suggest that the regeneration of DPN 
bound to hypoxanthine dehydrogenase is responsible for the in- 
creased reaction rate. 
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The involvement of heme proteins in photometabolism, first 
suggested by Hill (1, 2), seems certain from results of recent en- 
zyme studies (3-5) and observations on systems in vivo using 
differential spectrophotometry (6-10). Of the many heme pro- 
teins which exist in intimate association with the photoactive 
pigments in the functional subcellular structures of photosyn- 
thetic tissues, only three have been isolated in soluble form in suf- 
ficient amounts and purity for adequate characterization. One 
of these is the so-called “cytochrome f” of green plant tissues 
(11). The other two are variant cytochromes, one of the “c’’ 
type (12), and one an atypical heme protein called “RHP” (12, 
13) obtained from extracts of the facultative photoheterotrophic 
purple bacterium, Rhodospirillum rubrum. 

We now report the isolation and identification of two soluble 
heme proteins contained in extracts of the obligate photoanaero- 
bic purple bacterium, Chromatium. Previous studies (14, 15) 
have indicated the existence of both a cytochrome “c’’-type and 
an RHP-type heme protein! in partially resolved preparations 
(15). Some preliminary data have been published on their physi- 
cochemical properties. Complete resolution of these heme pro- 
tein mixtures has been achieved so that it is now possible to 
characterize completely the two soluble Chromatium cytochrome 
components. 


METHODS 


Bacterial Culture—Chromatium sp. strain D was grown in the 
following medium (all values are in grams per liter of tap water): 
NaCl, 10.0; K2zHPO,, 1.0; (NH4)2SO,, 1.0; MgCl.-6H.O, 0.5; 
CaCle, 0.05; NaHCOs, 2.0; FeCl;-7H20, 0.005; and as oxidizable 
substrate either Na2S-9H.O, 1.0, plus Na2S.03-5H.0, 2.0, or 
hydrogen gas which was bubbled continuously through the cul- 
ture; pH 8. The methods followed for growth, collection and 


* This is publication No. 43 of the Graduate Department of 
Biochemistry, Brandeis University. Support of the National 
Science Foundation (Grant No. NSF-G-6441) and the National 
Institutes of Health (Grant No. NIH-C-3649) is gratefully ac- 
knowledged. 

1 RHP (Rhodospirillum Heme Protein) was the name originally 
given to an atypical heme protein isolated from Rhodospirillum 
rubrum. It is now apparent that the other purple sulfur and non- 
sulfur bacteria contain heme proteins with spectral properties 
nearly identical with those described for the heme protein first 
isolated from R. rubrum. We propose to assign the trivial name 
RHP to all these spectroscopically similar heme proteins until a 
more precise and meaningful designation may be agreed upon. 

The abbreviation used is: DEAE-cellulose, diethylaminoethy] 
cellulose, obtained from Distillation Products Industries, Roch- 
ester, New York. 


storage of the organism were as described by Newton and Kamen 
(15). 

Extraction of Heme Proteins—As much as one-half of the heme 
protein eventually extracted from the bacteria was obtained by 
freezing and thawing the cells, suspending the thawed cell mass 
in an equal volume of 0.05 m phosphate buffer, pH 7, and cen- 
trifuging the suspension for 10 minutes at 25,000 x g. Addi- 
tional material was extracted by suspending the residue in 1.5 
volumes phosphate buffer and treating the suspension for 5 to 10 
minutes in a 10 ke Raytheon sonic oscillator. The suspension 
was centrifuged for 10 minutes at 25,000 x g to remove cell 
debris. This sediment was resuspended and extracted as before. 
All extracts were combined and 35 g of ammonium sulfate were 
added to each 100 ml of extract. The suspension was left in the 
cold overnight and was then centrifuged for 30 minutes at 25,000 
X g to remove the voluminous precipitate which consisted mainly 
of subcellular particles. The precipitate was resuspended in 2 
volumes of a solution containing 35 g of ammonium sulfate per 
100 ml of water. After standing in the cold several hours, the 
suspension was centrifuged as before. This washing procedure 
was repeated twice more. 

The extracts were combined and 25 g of additional ammonium 
sulfate were added to each 100 ml of solution to precipitate the 
heme proteins. The precipitate was separated by centrifuga- 
tion, and was dissolved in a minimal amount of water to which 
solid Tris was added to adjust the pH to 7. This crude heme 
protein extract was dialyzed against several changes of distilled 
water until free of salts. 

Next, the extract either was chromatographed directly on a 
large DEAE-cellulose! column or, as exemplified in Table I, was 
passed first through a DEAE-cellulose column to remove nucleo- 
tide material which contributed to the large light absorption at 
260 mu. The amount of DEAE-cellulose required to adsorb the 
nucleotides was determined by preliminary titration of an aliquot 
of the extract. The main portion of the extract was then ad- 
justed to pH 7.5 and passed through a 4- x 8-cm DEAE-cellu- 
lose column. The unadsorbed protein solution was completely 
displaced from the column by 0.02 m Tris, pH 7.6. Contaminat- 
ing red colored particulate material (small particles) as well as 
nucleotide material remained on the column. The nucleotide- 
free protein solution was dialyzed against 20 volumes of the Tris 
buffer preparatory to chromatography on a DEAE-cellulose col- 
umn. 

Chromatographic Separation and Purification of Chromatium 
Cytochrome c and RH P—The cytochrome c and RHP were sepa- 
rated and purified by two successive chromatographic steps on 
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TABLE I 
Extraction of Chromatium heme proteins 
Optical 
Fraction Volume | | Protein? | | RHP 
280/260 
ml g g 
Crude extract’ (dia- | 150 0.65 — 0.59 0.83 
lyzed ammonium | 
sulfate precipitate) 
Nucleotide-free ex- | 135 1.2 5.75 0.54 0.67 
tract 


* The protein concentration was estimated from the optical 
densities at 280 and 260 my. 

*’ The crude extract was prepared from 600 g (wet weight) of 
hydrogen-grown Chromatium cells. 


TaBLeE II 
Chromatographic purification of Chromatium cytochromes 
RHP fraction Cytochrome ¢ fraction 
> > 
$2 
§ é 
g g 
lst chromatogram on | 0.86¢ | 0.45 0.34 | 2.06¢ | 0.65) 0.82 
DEAE-cellulose col- 
umn 
2nd chromatogram on | 0.099%) 0.33) 0.099) 0.397°| 0.53 0.397 
DEAE-cellulose col- 
umn 


* Protein weight estimated from optical densities at 280 and 260 


my. 
*’ Dry weight values for the lyophilized pure preparations. 


DEAE-cellulose columns by the general methods of Sober et al. 
(16). The results are summarized in Table II. 

The nucleotide-free protein solution was first chromatographed 
on a 4.0- * 20-em DEAE-cellulose column which had been equili- 
brated with 0.02 m Tris, pH 7.6. After the protein solution had 
been applied to the column it was washed with the same buffer; 
the ionic strength was increased stepwise by the addition of so- 
dium chloride in 0.03 m increments for every 300 to 400 ml of 
solution that passed through the column until a salt concentra- 
tion was reached at which a colored protein band began to move. 
The mobile band was then eluted at a slightly (0.01 to 0.02 m) 
higher salt concentration. The eluates were collected in tubes, 
using a fraction collector. The ratio of the protein to Soret band 
optical density values was used as an index of purity for deter- 
mining which fractions of a given colored band were to be pooled. 
Three main fractions were eluted: a green colored fraction by 
0.04 to 0.05 m NaCl, a brown colored fraction (RHP) by 0.07 to 
0.1 m NaCl, and a red-brown fraction (cytochrome c) by 0.13 to 
0.15 m NaCl. 

The pooled fractions were concentrated to about 0.1 vol- 
ume by lyophilization. The concentrated samples were dialyzed 
against several changes of distilled water until free of salts and 
then were equilibrated against 0.02 m Tris, pH 7.6, preparatory 
to rechromatography. At this stage the two heme protein frac- 
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tions were free of each other, but each was contaminated by 
extraneous nonheme protein. 

The two fractions were rechromatographed on separate 2- x 
20-em DEAE-cellulose columns by the above procedure. The 
purest portions of the main fractions were pooled, concentrated, 
dialyzed until free of salt, and finally lyophilized. By the criteria 
described below the best preparations were essentially homo- 
geneous. 

The use of DEAE-cellulose columns as described was also found 
applicable to the isolation and purification of the RHP and cyto- 
chrome c components of R. rubrum extracts and represents a 
considerable simplication over the isoelectric precipitation 
method reported by us (13). 

Estimation of Heme Protein Concentrations—The concentra- 
tions of RHP and cytochrome c in various extracts were estimated 
from the optical densities of absorption bands characteristic for 
each heme protein in reduced-minus-oxidized difference spectra, 
using the extinction coefficients recorded in Table V. For RHP, 
the hematin band at 635 muy, and, for cytochrome c, the 6 band 
at 524 muy, were established as wave lengths at which neither 
component contributed significantly to the optical density of the 
other. The difference spectra were measured with a Cary model 
14 spectrophotometer equipped with a 0.1 optical density full 
scale slide wire. 

Physical M easurements—Sedimentation constant and electro- 
phoretic mobility determinations were performed for us by Dr. 
Karl Schmid, Massachusetts General Hospital, using the Spinco 
analytical centrifuge and Perkin-Elmer electrophoresis appara- 
tus, respectively. The methods employed were identical with 
those described previously (13). The diffiusion constant D was 
determined for us by Dr. Lawrence Levine, Brandeis University, 
using the Oudin gel diffusion procedure (17). Partial specific 
volume values were determined with 5-ml pycnometers (18). 

Oxidation-reduction titrations were performed by the method 
of Hill (19) employing the ferric-ferrous oxalate system (13). 

Preparation of Antisera to the Purified Cytochromes—Antisera 
were produced in rabbits by the intravenous injection of alum- 
precipitated cytochromes. Sixteen injections were given, one 
every other day, the doses being increased gradually from 0.5 to 
7.5 mg of protein. The rabbits were bled 6 days after the last 
injection. The sera were cleared by centrifugation and comple- 
ment (C’) was inactivated by heating for 30 minutes at 56°. 


RESULTS 


Physical and Chemical Properties of Chromatium Heme Pro- 
teins—A number of physical and chemical properties of Chroma- 
tuum cytochrome c and RHP are summarized in Table III. Anal- 
ogous data for R. rubrum heme proteins are included for 
comparison. 

The spectrochemical behavior of the Chromatium RHP, when 
subjected to varying pH and treated with ligand-donating re- 
agents, was found to be identical with that of the corresponding 
heme protein extracted from R. rubrum (13). The Chromatium 
cytochrome c exhibited the general chemical characteristics of 
autoxidizable c-type cytochromes, such as those reported to occur 
in extracts of various anaerobic bacteria (20, 21). 

The two heme proteins were acidic, with isoelectric points close 
to pH 5.5, as determined by interpolation of mobility values 
(Table IV). Molecular weights calculated from S, D, and V 
values for RHP and cytochrome c were 36,000 and 97,000, re- 
spectively. The heme contents of these cytochromes were de- 
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termined from alkaline pyridine hemochromogen spectra (22). 
If only one heme per molecule was assumed, the molecular 
weights of RHP and cytochrome c were calculated to be 17,000 
and 37,000, respectively. These results indicated that Chroma- 
tium RHP might contain two heme groups per molecule and the 
cytochrome c might contain as many as three hemes per mole- 
cule. No evidence was obtained in sedimentation runs at vary- 
ing concentrations to support the possibility that dissociable 
aggregates of the heme proteins were present. 

Neither of the two heme proteins proved readily amenable to 
iron content determinations by the usual colorimetric procedures 
(22, 23) after wet ashing. This experience was much like that 
noted previously with the RHP of R. rubrum (13). When it 
became evident that further efforts to define proper ashing con- 
ditions might prove prohibitively wasteful of material, we de- 
ferred determinations of iron content to a future time when suf- 
ficient pure protein could be accumulated. 

As measured by titration with the ferric-ferrous oxalate oxida- 
tion-reduction system, both heme proteins had relatively low 
standard potential values: Ej was —0.005 volt for RHP and 
+0.01 volt for the cytochrome c. As expected of heme com- 
pounds with such relatively low oxidation-reduction potentials, 
both proteins were autoxidizable. 

Immunological Properties of Chromatium Heme Proteins—Iim- 
munological properties of the Chromatium cytochromes are being 
studied in collaboration with Dr. L. Levine and will be reported 
in greater detail elsewhere. However, some preliminary evidence 
bearing on the purity of the heme proteins is noted here. 

Antisera to the purified proteins and to a crude Chromatium 
sonic extract completely freed of bacterial particles by centrif- 
ugation, as described by Newton and Newton (24), have been 
used as test systems. In qualitative Ouchterlony gel diffusion 
tests (25) only one precipitation band was formed between an 
antigenic heme protein and the homologous antiserum. The 
heme moiety of each antigenic protein was recovered quantita- 
tively in the washed precipitate obtained when antigen was 
treated with excess antibody. No cross reaction between one 
heme protein and the antiserum to the other heme protein oc- 
curred. When tested against the crude extract antiserum, each 
heme protein gave a single characteristic precipitation band. At 
least 7 precipitation bands were found when crude extract was 
reacted with the crude extract antiserum. ‘These observations 
indicated that the heme proteins were not contaminated one 
with the other nor with other antigenic proteins derived from 
the bacterial extract. 

Part of one cytochrome c sample which was accidentally de- 
natured by being exposed to approximately pH 12 for some time 
was found to behave differently from samples which had not been 
so treated (see also discussion below of cytochrome c reaction 
with carbon monoxide). In the Ouchterlony test this cyto- 
chrome c sample gave no precipitation band when tested at sev- 
eral concentrations with anticytochrome c. When normal and 
alkaline cytochrome c samples were tested side by side for reac- 
tion with crude extract antiserum on the same Ouchterlony plate, 
reactions of partial identity were observed (25), indicating simi- 
larity between the two antigens. It was found by immunochemi- 
cal techniques (26) that the alkali-treated sample inhibited the 
reaction between the homologous cytochrome c and the antibody, 
indicating that the two cytochrome samples were structurally 
similar. It was tentatively concluded that elevated pH dena- 
tured the cytochrome c to such an extent as to change but not 
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TaBLeE III 


Physical Properties of Chromatium and 
Rhodospirillum rubrum heme proteins 


Heme Proteins 
Property Cytochrome c RHP 

Chromatium R. rubrum Chromatium R. rubrum 
pI 5.4 + 0.1 ~7.0 (5.5 + 0.1 | 5.0-5.1 
S20,u%? 6 0X 10°8'~2 10°33.2 10°%.2.7 & 10733 
5.3X107) — 17.5 X 10-7 /8.65 x 1077 
V 0.718 — 0.706 0.731 
Mol. wt.2! ¢ 97,000 | ~16,000 36 ,000 28 ,000 
Mol. wt.?: 4 ~37 ,000 ~16,000 ~17,000 ~25 ,000 
Eo (pH 7) +0.01 volt) +0.365 | —0.005 | —0.008 

volt volt volt 
€prot./€Soret(red) 0 ‘ 48 0 ° 26 0. 30 0. 27 
€Soret(red)/ €a(red) 5.9 5. 10.0 8.6 
€prot./€hematin 8.7 8.3 
1.5 1.66 0.92 
units. 


’ Experimental conditions: For Chromatium heme proteins, 
sedimentation velocities were measured at protein concentrations 
of 0.5, 1.0, and 1.5 per cent} using NaCl solutions, 0.1 ionic 
strength, pH 7. Extrapolation to zero concentration of protein 
and correction in the usual way was made. The R. rubrum RHP 
values are taken from a previous paper in which conditions are de- 
scribed (13). Values for R. rubrum cytochrome c are qualitative 
estimates from unpublished observations. 

¢ Molecular weight calculated from S, D, and V values. 

¢ Molecular weight estimated assuming 1 mole heme determined 
as the pyridine hemochromogen per mole of protein. 


TABLE IV 

Electrophoretic mobility of Chromatium heme proteins 

Electrophoretic mobility 

(cm? sec™!) K 105 

pH Ionic strength 

Cytoch 

y rome RHP 
5.0 0.1 (acetate buffer) +5.4 +6.8 
5.8 0.1 (acetate buffer) —4.8 —4.5 


completely abolish the antigenic properties of the protein. As 
mentioned below, the reactivity of the cytochrome c toward car- 
bon monoxide may be related to denaturation of the heme pro- 
tein. 

Spectroscopic Observations—Extinction coefficients and absorp- 
tion peaks for both RHP and cytochrome ¢ are tabulated in Ta- 
ble V. 

The spectra of Chromatium RHP resembled closely those pre- 
viously reported for R. rubrum RHP (13). Reduced Chromatium 
RHP had a three-banded hemochromogen type spectrum with 
the Soret band at 426 my and with @ and 8 peaks so closely 
spaced as to appear fused in spectrophotometer tracings (Fig. 1). 
However, with a Hartridge reversion spectroscope the two bands 
were still plainly distinguished at 565 and 547 mu, respectively. 
Similarly, R. rubrum RHP showed a and 6 absorption bands at 
568 and 550 my so closely spaced as to appear as a fused band 
in a spectrophotometer tracing (13). The so-called “hematin”’ 
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TABLE V pH. The change in spectrum that occurred when 100 per cent 
Extinction values* of Chromatium heme proteins carbon monoxide replaced a helium atmosphere over reduced 
cytochrome c in a sealed cuvette is illustrated in Fig. 2. Second- 
nen « naud ary a and @ absorption bands at 563 and 533 mu appeared as 
Baste of extedinene Wave Wave shoulders on the remnants of the a and 6 bands of the reduced 
length of «mM _ilength of «mM pigment and the Soret band at 414 my was intensified. Extine- 
sian pack ies peak ro tion values for the various absorption bands of the com- 
net a plex formed by the particular sample used for Fig. 2 are recorded 
Oxidized 978 175 280 63 in Table V. However, the relative intensities of the two sets of 
410 390) 400 192 a and 8 bands varied with the cytochrome sample used so that 
525 26 495 24.5 the numerical values were of little significance. The alkali-de- 
635 7.2 natured cytochrome c sample mentioned earlier showed only the 
563 and 533 mu peaks. The carbon monoxide complexes formed 
Reduced 416 364 426 210 by the cytochrome c samples tested were all reversibly dissociated 
523 1.6 547 22.7 when illuminated by white light, as described in connection with 
592 61.1 | 565 20.9 the RHP-carbon monoxide complex. 
, The cytochrome c carbon monoxide-reduced-minus-reduced 
Difference spectrum (re-| 406 | —10.7 | 398 | —115 difference spectrum was hardly distinguishable from the differ- 
duced minus oxidized) 422 165 429 158 ; 
54 15.5 495 oe ence spectrum of the RHP-carbon monoxide complex. 
553 44.6 565 5 4 Apparently one or more of the heme groups of the purified 
635 43 cytochrome c can react with carbon monoxide and all the heme 
groups of the alkali denatured cytochrome are reactive. Per- 
Carbon monoxide complex | 414 500 418 583 haps the partial reaction between carbon monoxide and the heme 
(reduced) 533 38.8 535 28 iron is the consequence of partial denaturation of the cytochrome 
505 50.5 563 23.8 c. However, neither 5 X 10-3 m potassium cyanide nor 5 X 10-3 
M potassium fluoride gave a spectroscopically detectable reaction 
Difference spectrum (re- 414 165 418 40.4 with oxidized Chromatium cytochrome c or RHP at neutral pH, 
duced carbon monoxide | 535 10.7 | 535 7.2 indicating that any denaturation that might have occurred was 
minus reduced) 565 17.5 567 3.6 
insufficient to expose heme groups to reaction with these nega- 


@ The spectra were measured in pH 6.8, 0.05 m phosphate buffer; 
d = 1.0 cm, using the Cary model 14 spectrophotometer. 


band, characteristic of the oxidized R. rubrum heme protein with 
an absorption maximum at 635 muy, also appeared in the spectrum 
of oxidized Chromatium RHP. 

Reduced Chromatium RHP reacted with carbon monoxide at 
neutral pH to give a three-banded hemochromogen spectrum 
with absorption peaks at 563, 535, and 418 my. This behavior 
contrasted with that of the R. rubrum heme protein which, al- 
though forming a carbon monoxide complex at pH 7, only showed 
the definite a and 6 bands of a carbon monoxide hemochromogen 
at pH 5orless. The influence of pH on Chromatium RHP carbon 
monoxide complex spectra has not been investigated. 

The Soret band of the Chromatium RHP carbon monoxide 
complex was intensified about 2.5 times as compared with the 
reduced RHP band. As indicated by partial reversion of the a 
and 6 bands to the normal reduced spectrum intensities, the 
carbon monoxide complex of RHP at neutral pH under 100 per 
cent carbon monoxide was approximately 50 per cent dissociated 
when the sample was illuminated in the spectrophotometer by 
an approximately 400 foot-candle beam of white light. In the 
dark the spectrum of the carbon monoxide complex re-formed 
completely. The kinetics of this reversible dissociation were not 
investigated. 

The locations and intensities of reduced-minus-oxidized and of 
the carbon monoxide-reduced-minus-reduced difference spectra 
of Chromatium RHP are summarized in Table V. 

Chromatium cytochrome c exhibited a typical c-type hemo- 
chromogen three-banded spectrum with peaks at 552, 523, and 
416 muy, as previously reported (15). 

The cytochrome c reacted with carbon monoxide at neutral 


tively charged ligands. 


200F 


180F 


\ 
\ 
\ 
; — OXIDIZED CHROMATIUM RHP al 
\ 


160 
140 
120 


100 


80 


60 


40 


20F 


400 450 500 550 600 650 
WAVELENGTH (my) 


Fig. 1. Spectra of oxidized and reduced Chromatium RHP at 
pH 6.8. | 
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Nature of the Heme Groups in Chromatium Cytochrome c and 
RHP—Newton and Kamen (15) presented evidence that the 
porphyrin isolated from a preparation consisting of a mixture of 
Chromatium cytochrome c and RHP was similar to that obtained 
from mammalian cytochrome c. J. Barrett and R. Lemberg 
(private communication) have compared the porphyrins derived 
from the heme group from a sample of our Chromatium cyto- 
chrome c with those from mammalian cytochrome c. The heme 
groups were split from the protein by the method of Paul (27) 
and the iron was removed from the hemins by the ferrous sulfate 
method (28). The resulting porphyrins from both cytochromes 
were identified as a mixture of hematoporphyrin and monoviny]- 
monohydroxyethyl deuteroporphyrin by a paper chromatograph 
procedure (29). 

The heme group of RHP has not been characterized by un- 
equivocal means. The reduced alkaline pyridine hemochromo- 
gen spectra of Chromatium RHP and cytochrome c and of mam- 
malian cytochrome c are identical in all details except molar 
extinction values, indicating that the heme groups of these 
three proteins are closely similar, if not identical. 

Heme Proteins in Chromatium Particles—Newton and Newton 
(24) found that Chromatium particles contained a relatively large 
amount of heme protein as judged by the quantity of pyridine 
hemochromogen released from particles from which the photo- 
synthetic pigments had first been extracted with organic solvents. 
We attempted to determine directly the kind of particle-bound 
heme proteins present in Chromatium washed particles prepared 
by sonic extraction of whole cells. The reduced-minus-oxidized 
difference spectrum of a particle suspension showed absorption 
peaks at 553, 524, and 422 muy, identical with those of the soluble 
cytochrome c. No indication of a hematin peak at 635 my was 


found even at the highest practicable particle concentration, in- — 


dicating that no readily detectable amount of RHP was present. 
A carbon monoxide-reduced-minus-reduced difference spectrum 
was also obtained with the particles, but because both cytochrome 
cand RHP give nearly indistinguishable carbon monoxide differ- 
ence spectra, the heme protein (or proteins) present in the par- 
ticles could not be identified by this method. In preliminary 
experiments no immunochemical reaction was detected between 
the particles and either anticytochrome c or anti-RHP. It was 
concluded that probably only Chromatium cytochrome c remained 
in the particles, and that if this heme protein could react with 
carbon monoxide only after denaturation then sonic extraction 
treatment caused the denaturation of the particle-bound as well 
as the soluble cytochrome c heme protein. 


DISCUSSION 


Preparations of heme proteins obtained from Chromatium in 
earlier researches (15) were highly acid and alkali labile and could 
neither be purified satisfactorily nor characterized completely 
except as a mixture of two types of heme protein, one being a 
cytochrome of the “c” type and the other resembling the cyto- 
chrome c variant, or RHP, previously discovered in extracts 
prepared from suspensions of facultative photoheterotrophes 
such as R. rubrum and R. spheroides, and other representatives 
of the Athiorhodaceae (12, 30). We have now been able to show, 
by a number of modifications in extraction and purification pro- 
cedures, that it is possible to obtain good yields of both soluble 
heme proteins in pure form and thus to arrive at a characteriza- 
tion of the two proteins as being of a cytochrome c and RHP 
type. Moreover, it is apparent that the component responsible 
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Fic. 2. Spectra of reduced and carbon monoxide-reduced Chro- 
matium cytochrome c at pH 6.8. 


for the lability observed in the earlier preparations is attributable 
to the cytochrome c, which perhaps is still obtained in a partly 
denatured form, as evidenced by its variable reactivity with car- 
bon monoxide. In its physical properties (high molecular 
weight, multiple heme composition, spectroscopic constants) it 
resembles the green plant cytochrome c (“cytochrome f’’) (11), 
but differs from cytochrome f in having a low oxidation potential 
(E, = approximately 0.01 volt). The true oxidation potential 
may be different from this observed value if the protein is partly 
denatured. It is premature to speculate on the oxidation-reduc- 
tion function of this protein in the bacterial cell. However, this 
cytochrome is relatively easy to isolate and purify, and it affords 
one of the few c-type cytochromes obtained with relative ease 
from a strict anaerobe. Others are the cytochrome c; of Desul- 
fovibrio (31, 32) and the c-type cytochromes of the green sulfur 
photosynthetic anaerobes (33). These are all valuable test ob- 
jects for extension of comparative studies on the heme peptide 
which appears to be characteristic of all c-type cytochromes (34). 

Although the prosthetic group of the Chromatium cytochrome 
c is linked in a manner identical with that of other cytochromes 
of the c (hematoheme)-type, the Soret peak of its carbon mon- 
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oxide-reduced-minus-reduced difference spectrum lies at 414 muy. 
Hitherto it has been customary to attribute such an absorption 
maximum at this wave length in the carbon monoxide difference 
spectrum to the presence of a protoheme prosthetic group. 

The RHP-type protein is of special interest because it is only 
the second example of such a heme protein to be obtained in 
quantity and with a high degree of purity. The first example, 
or prototype, is that obtained originally from R. rubrum and 
described in detail by us in a previous paper (13). Other ex- 
amples have been isolated in crude form from all known species 
of the purple photosynthetic bacteria (30) but do not appear to 
occur in the green photosynthetic sulfur bacteria (M. D. Kamen, 
unpublished observations). This failure to find RHP is not 
wholly surprising, inasmuch as the green sulfur bacteria also differ 
radically from the purple bacteria in the nature of their photo- 
active pigments (35). 

There is no question that on chemical and spectroscopic 
grounds the Chromatium RHP can be assigned to the same group 
of heme proteins as the RHP of R. rubrum and the other Athio- 
rhodoaceae. Examination of Table III shows that differences in 
physical properties between the two types of RHP (other than 
possibly the heme composition and molecular weight) are no 
more variable than those encountered in different cytochromes 
of the c type. In this connection, we may note the wide diver- 
gences between physical properties of the c cytochromes obtained 
from Chromatium and R. rubrum (Table III). This point has 
been elaborated elsewhere (21) for all of the cytochromes of the 
c type. 

A difficulty arises, however, in assigning RHP-type proteins 
to the same group classification when function is considered. 
Evidence has been presented implicating the R. rubrum protein 
in an oxidase system (13). Chance and Smith (8) and Smith 
and Ramirez (10) have provided evidence from their studies on 
changes in steady-state optical absorption of metabolizing R. 
rubrum suspensions that appears to be consistent with a terminal 
oxidase function for RHP. However, such a conclusion cannot 
be applied to the Chromatium RHP because Chromatium is a 
strict anaerobe and cannot couple reduction of molecular oxygen 
to useful metabolism. Indeed, oxygen inhibits the photosynthe- 
sis of ATP by Chromatium chromatophores, as it does all the 
photophosphorylation systems obtained from the photosynthetic 
tissues studied to date (36-39). A pseudo-oxidase activity can 
often be observed in extracts of anaerobes, arising from the pres- 
ence of autoxidizable components such as flavins, —HS enzymes, 
and low oxidation-reduction potential cytochromes; this sort of 
“oxidase” is not to be confused with either the cytochrome a type 
of oxidase, found in aerobes, or the other types of oxidase noted 
in facultative anaerobes, such as the Athiorhodaceae, the nitrate 
reducers, etc. 

The Chromatium RHP resembles closely one of the active heme 
components observed by Olson and Chance in their extensive 
studies of the rapid transient changes in optical density brought 
about when actively metabolizing Chromatium suspensions were 
subjected to a variety of environmental conditions with and 
without illumination (40, 41). Another component they ob- 
served is a c-type cytochrome which may conceivably be the 
native form of the cytochrome c we have isolated. There seems 
to be little doubt that the RHP protein as well as a cytochrome 
c component are linked in some way to the photometabolism of 
Chromatium. 

Olson and Chance have suggested that at least four distinct 
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heme-containing proteins are involved in the transitions from 
light to dark metabolism of Chromatium. We have been able 
to observe only two heme proteins which are capable of being 
solubilized and although others may be present in firmly bound 
particle form, this possibility cannot be examined using isolation 
procedures commonly employed hitherto. It should be noted 
that a total of as many as five distinct heme groups may 
be present in the two proteins isolated. It is conceivable that 
these heme groups represent single heme proteins which have 
become firmly associated. 

Based on pyridine hemochromogen yields obtained by treat- 
ment of whole cells with strong alkali and pyridine (15), it is 
estimated that perhaps 3 to 5 times more heme protein is present 
in the intact Chromatium cell than is obtained in the form of 
soluble RHP and cytochrome c. The Chromatium cell residues 
produced with our present methods exhibit difference spectra 
characteristic only of the soluble cytochrome c. 

It is proposed in future work to attempt the isolation of heme 
proteins using the more subtle procedures now available based 
on preliminary treatment with agents such as Versene and lyso- 
zyme which render the cells osmotically unstable. Further, it 
seems possible to apply immunochemical procedures to monitor 
possible denaturation during extraction and purification. Also, 
the nature and function of the green pigment obtained as a third 
protein component remains to be determined. 

Finally, it is perhaps warranted to comment on the suggestion 
that there exists a general class of heme proteins of which ““RHP” 
is a prototype (21,42). Noexamples of this kind of heme protein 
have been isolated and purified other than those obtained from 
the purple photosynthetic bacteria. The possibility that many 
such proteins can exist may be inferred from the presence in a 
wide variety of aerobes and facultative bacteria of carbon mon- 
oxide-binding pigments which appear to function as oxidases and 
which have spectroscopic properties much like those of the bac- 
terial RHP forms studied in R. rubrum and Chromatium (43). 
Chance et al. (44) and Castor and Chance (45) have applied the 
tentative appellation “cytochrome O” to these proteins and sur- 
mised that they may be identical with RHP. Until one or more 
of these spectroscopic entities has been obtained as a pure protein 
and its properties determined, it seems premature to postulate a 
new general class of heme proteins. It may be noted, neverthe- 
less, that one apparently authentic RHP-type protein, partially 
purified, has been described by Kono et al. (46) and Taniguchi 
et al. (47) as part of a hydroxylamine-reductase enzyme occurring 
in a “halo-tolerant” aerobe. It is possible that the realization 
that such heme proteins exist may spur investigators to search 
for them in many varieties of tissue, utilizing the present know]- 
edge of the properties of RHP as exemplified in the examples ob- 
tained from the photosynthetic bacteria. 


SUMMARY 


1. The soluble heme proteins obtained from the obligate photo- 
anaerobe Chromatium by various extraction procedures have been 
resolved into two homogeneous components. One component 
is a c-type cytochrome, the other is a variant heme protein closely 
similar to the RHP-type previously found in extracts of Rhodo- 
spirillum rubrum, a facultative photoheterotrophe. 

2. Procedures for purification based on DEAE-cellulose col- 
umn chromatography and characterization of the soluble Chro- 
matium heme proteins are described. 

3. The physical and chemical properties of highly purified 
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samples of these heme proteins are described. The RHP-type 
protein has an isoelectric point at pH 5.5 and appears to have 
two heme prosthetic groups per molecule. The molecular weight 
is 36,000. The cytochrome c is also an acidic protein with iso- 
electric point at pH 5.4. Its molecular weight is 97,000 and 
there appear to be three heme groups associated with each mole- 
cule. 

4. Immunochemical investigations show the RHP and cyto- 
chrome c components to be antigenically different. 

5. The possible functions of the two heme proteins in the 
metabolism of Chromatium are discussed, as well as the signifi- 
cance of present findings for continued studies on the relation 
of structure and function in heme proteins. 
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In 1943, Ruben (1), elaborating on earlier suggestions by Thi- 
mann (2) and Lipmann (3), proposed that sugar formation in 
photosynthesis is a completely dark, chemosynthetic process 
which depends on only two products formed by light reactions: 
reduced pyridine nucleotide and adenosine triphosphate. Ru- 
ben’s proposal distinguished two phases of sugar synthesis in the 
dark: a carboxylative phase, dependent on ATP only, in which 
CO, enters cellular metabolism by carboxylating an acceptor 
molecule, and a reductive phase, in which a carboxyl group is 
reduced by pyridine nucleotide with the aid of ATP. 

In the ensuing 15 years Ruben’s scheme received experimental 
support from several directions: (a) Calvin, Horecker, Ochoa, 
Racker and their associates (4-7) have identified the ATP- 
dependent carboxylative phase in CQ, assimilation. They have 
shown that the entry of CO, into the metabolism of photosyn- 
thetic cells depends on the phosphorylation of ribulose monophos- 
phate by ATP to ribulose diphosphate, which is then carboxy]- 
ated by CO, and cleaved to give 2 molecules of 3-phosphoglyceric 
acid. (b) The kinetic studies of Calvin’s group (8) suggested 
that the reductive phase of CO, assimilation is the reduction of 
3-phosphoglyceric acid to triosephosphate by a reversal of the 
well known glycolytic reactions, a mechanism that requires re- 
duced pyridine nucleotide and ATP. (c) In addition to a car- 
boxylative and a reductive phase, the findings in photosynthetic 
tissues of components of the pentose cycle (cf. 9) afforded a 
mechanism for the regeneration of the CO, acceptor in photo- 
synthesis, in what might be designated as a third, regenerative 
phase of CO, assimilation. (d) Racker (10) obtained in the 
dark, a synthesis, driven by DPNH.' and exogenous ATP, of 
hexose phosphate from CO:, in a model multi-enzyme system 
consisting of glycolytic enzymes from rabbit muscle and yeast? 
and pentose cycle enzymes from spinach leaves. 

The carboxylative, reductive, and regenerative phases consti- 
tute a cyclic sequence of dark reactions which jointly might be 
termed a reductive carbohydrate cycle (cf. 7). Was this reduc- 


* Aided by grants from the National Institutes of Health, 
United States Public Health Service, and the Office of Naval 
Research. 

1The abbreviations used are: FMN, flavin mononucleotide; 
3-PGA, 3-phosphoglyceric acid; 1,3-diPGA, 1,3-diphosphogly- 
ceric acid; TPNH: and DPNHz2, reduced tri- and diphosphopyri- 
dine nucleotide (these abbreviations will be used, in preference 
to the more common TPNH and DPNH; cf. Dixon, M., and Webb, 
bk. C., Enzymes, p. 395. Longmans, Green and Co., London, 1958). 
(At the request of the authors, the Editors have permitted the 
use of this terminology in this instance, although they strongly 
prefer the symbols DPNH and TPNH.) 

2? Racker, k., personal communication (1958). 


tive carbohydrate cycle then, although comprising exclusively 
dark reactions, a “photosynthetic” cycle for sugar formation, 
peculiar to chlorophyllous cells? This question was answered 
in the negative when the most distinctive enzyme of the reductive 
carbohydrate cycle, ribulose-di-P carboxylase, was found in such 
heterotrophs as Escherichia coli (9, 11) and when the cycle in its 
entirety was found in the nonphotosynthetic sulfur bacterium 
Thiobacillus denitrificans (12, 13). 

It thus became clear that COs: assimilation is removed from 
the domain of photosynthetic reactions proper in which light is 
converted into chemical energy. In green plants the first stable, 
chemically defined products of this energy conversion are not 
intermediates of CO, assimilation but are TPNH: and ATP (14). 
These two compounds are now known to be formed by two light 
reactions, cyclic and noncyclic photophosphorylation (14-16) 
which, in their over-all balance, were found to be independent of 
CO, assimilation (Equations 1 and 2). 


n-ADP + n-H;PO, n-ATP (1) 


light 


2 TPN + 2 H.0 + 2 ADP + 2 H;PO, 
2 TPNH: + 2 ATP + O, 


Although the reductive carbohydrate cycle thus seemed to be 
the same in photosynthetic and nonphotosynthetic cells, this 
conclusion could not be drawn with finality without an investiga- 
tion of the pathway of CO: assimilation at the particular cellular 
site where sugar synthesis occurs in green plants. This site is 
now known to be the chloroplast (17-22), a view that was once 
widely held without the support of critical experimental evidence 
(23, 24) and was later abandoned because of evidence to the 
contrary (25-29; cf. 30), only to be formulated anew on the basis 
of new experiments with tracer carbon and improved methods for 
isolating functional chloroplasts from leaves (17-22). Recent 
experiments have also shown that within the chloroplast itself, 
the enzymes for COs assimilation are localized in the water- 
soluble portion and are capable of carrying out the synthesis of 
sugar in the dark, even when they are physically separated from 
the chlorophyll-containing particles (31). 

The present investigation was concerned with the characteriza- 
tion of CO: assimilation in a reconstituted chloroplast system 
that was supplied, as is the case in intact cells, with only catalytic 
amounts of TPN and ADP. In this “catalytic” chloroplast 
system, CO, assimilation is possible only in Jight, since the dark 
reactions of sugar synthesis depend on TPNH, and ATP that 
are being continuously regenerated by Reactions 1 and 2 at the 
expense of absorbed light energy (32). 
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Preliminary reports of this work have been published pre- 
viously (30, 33). 


METHODS 


Broken chloroplasts from spinach were used in all the experi- 
ments described herein. The preparation of broken chloroplasts 
(C,.) and of chloroplast extract was previously described (34). 
In certain experiments washed chloroplast particles and dialyzed 
chloroplast extract were used (34). With certain preparations 
of chloroplasts, CO: fixation was greatly increased by adding 5 
umoles of glutathione to the reaction mixture. 

CO, fixation was carried out at 20° in rectangular Warburg 
manometer vessels, placed in a glass-bottomed constant tempera- 
ture bath and flushed with argon gas before turning on the light. 
Illumination was from below by a bank of 300- and 150-watt 
reflector flood lamps, providing approximately 23,000 Lux at 
the level of the reaction vessels. Unless otherwise indicated, 
the period of illumination was 30 minutes. The reaction was 
stopped by adding to each vessel 0.1 ml of glacial acetic acid. 
Total CO; fixation was measured by pipetting aliquots from each 
treatment on stainless steel planchets, evaporating to dryness and 
counting C™ with a thin window Geiger-Miller counter. For 
the identification of the product of CO; fixation, the contents of 
the Warburg vessels were centrifuged and aliquots of the super- 
natant liquid were subjected to two-dimensional paper chroma- 
tography (on Whatman No. 41 paper) using as solvents (a) 80 
phenol:20 water and (6) a mixture of 52 parts n-butanol, 14 
parts glacial acetic acid, and 34 parts water. 

The radioactivity in the individual compounds, located on the 
papers by radioautography, was determined by direct counting 
on the dried paper. The individual compounds were identified 
by elution, and cochromatography with samples of authentic 
compounds. Sugar phosphates were further identified by de- 
phosphorylation with phosphatase (polidase) and rechroma- 
tography with the corresponding authentic sugars. 

Preparation of Ribulose-di-P by Cyclic Photophosphorylation— 
Following a suggestion by E. Racker, ribulose-di-P was prepared 
with the aid of illuminated chloroplasts from ribose-5-P. The 
following procedure was used: ATP was formed by cyclic photo- 
phosphorylation from catalytic amounts of ADP and substrate 
amounts of orthophosphate. The reaction mixture (3 ml) con- 
tained chloroplast extract (34) equivalent to 2 mg of chlorophyll, 
and broken chloroplasts (C;,) containing 0.5 mg of chlorophyll, 
and, in umoles: ADP, 0.5; sodium phosphate, pH 8.0, 40; ribose- 
5-P, 30; vitamin K;, 0.3; MgCl, 5; and Tris, pH 8.0, 80. The 
reaction was carried out in Warburg vessels, flushed with argon 
gas before turning on the light. The period of illumination was 
1 hour. The reaction was stopped by adding 0.1 ml of 20% 
trichloroacetic acid. After centrifugation the pH of the super- 
natant fluid was adjusted to pH 6.5 and 60 uwmoles of barium 
acetate and an equal volume of ethanol were added. The 
precipitate was washed with 80% ethanol, dried, and used with- 
out further purification as a source of ribulose-di-P. 

The amount of ribulose-di-P in the preparation was estimated 
by measuring the CO, fixation by the carboxylation enzyme of 
chloroplasts, in the dark and in the absence of ATP. The reac- 


tion mixture (1.5 ml) contained in umoles: Tris, pH 8.0, 80; cys- 
tein, 5; MgCl, 5; an aliquot of about 0.5 umoles of ribulose-di-P; 
NaHC'O;, 10; and chloroplast extract equivalent to 2 mg 
chlorophyll. 


The reaction was stopped with acetic acid and the 
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TaBLeE I 
Effect of photosynthetic phosphorylation on CO, fization in presence 
of ribose-5-P or ribulose diphosphate 

Each vessel was illuminated and contained in a final volume of 
2.5 ml, broken chloroplasts washed 3 times (Ci,3) and contain- 
ing 0.5 mg of chlorophyll, chloroplast extract (dialyzed overnight 
against 2 liters of 0.01 m Tris buffer, pH 8.3, and 0.0001 m ethyl- 
enediamine tetraacetate) equivalent to 2 mg of chlorophyll, and 
the following in ymoles: Tris buffer pH 7.5, 80; MnCh, 2; MgCle, 
5; Na ascorbate, 10; sodium phosphate pH 7.5, 5; TPN, 0.3; FMN, 
0.001; NaHCO;, 10 and, where indicated, 0.5 umole of ADP and 
1 umole of either ribose-5-P or ribulose-di-P. 


Treatment Total C™O: fixed 
C. p.m. 


total CO, fixed measured. The moles of CO, fixed were taken 
as equivalent to the moles of ribulose-di-P present. 

As for other chemicals used, ADP, TPN, and FMN were from 
Sigma Chemical Company; sugar phosphates from Nutritional 
Biochemicals Corporation, and Schwarz Laboratories. A “p,1- 
glyceraldehyde-1-bromide-3-phosphoric acid dioxane complex” 
was obtained from California Biochemical Research Corporation 
and soluble starch from Pfanstiehl Chemical Company. 2-PGA 
was a gift of Dr. C. E. Ballou. 

Enzyme Assays—Aldolase, phosphoglycerate kinase and the 
triosephosphate dehydrogenases were assayed by measuring, at 
room temperature, the reduction of DPN, or the oxidation of 
TPNH: and DPNHz, at 340 my, in cuvettes with a light path of 
1 cm (Figs. 1 and 4). Fructose diphosphatase was assayed 
(Fig. 5) at 38°, by measuring the liberated inorganic phosphate 
according to Sumner (35). 


RESULTS 
I. Carboxylatwe Phase of CO, Assimilation 


Photophosphorylation and CO, Fixation—CO, fixation was in- 
vestigated in the presence of ribose-5-P and ribulose-di-P in an 
illuminated chloroplast system, the components of which were 
washed and dialyzed. Without added ADP, photosynthetic 
phosphorylation could not proceed and the system was unable 
to form ATP; significant CO, fixation occurred then only in the 
presence of ribulose-di-P (Table I). When ADP was included in 
the reaction mixture and photophosphorylation could proceed, 
CO; fixation occurred also in the presence of ribose-5-P (Table I). 

These results suggest that in the absence of preformed ribulose- 
di-P, CQO: fixation in the reconstituted chloroplast system was 
dependent on the photochemically generated ATP, the ATP 
being required for the phosphorylation step (Equation 3) in the 
conversion of ribulose-5-P to ribulose-di-P (36, 6, 7). 


Ribulose-5-P + ATP ribulose-di-P + ADP (9) 


Effect of Time on Pattern of CO, Fixation—-As shown in Table 
Il, the early product of CO, fixation in the presence of ribulose- 
di-P was PGA; after l1-minute illumination PGA was the only 
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Fic. 1. Phosphoglyceric acid kinase and DPN- and TPN-de- 
pendent triosephosphate dehydrogenases in chloroplasts. The 
reaction mixture (3.0 ml final volume) contained dialyzed (see 
Table I) chloroplast extract equivalent to 0.6 mg of chlorophyll, 
and in micromoles: Tris buffer, pH 8.0, 120; cysteine, 12; phos- 
phoglyceric acid, 1; and DPNH:2 or TPNH, 0.4. At the time 
indicated by the arrow, 2 wmoles of ATP were added. No phos- 
phoglyceric acid was added to the controls. 


TABLE II 
Effect of time on pattern of CO. fixation in 
light by isolated chloroplasts 

Each vessel contained in a final volume of 2.5 ml: broken chlo- 
roplasts (C;,) containing 0.5 mg of chlorophyll; chloroplast ex- 
tract equivalent to 2 mg of chlorophyll and the following in u- 
moles: Tris buffer, pH 7.5, 80; MnCl., 2; MgClo, 5; Na ascorbate, 
10; sodium phosphate pH 7.5, 5; TPN, 0.3; ADP, 0.5; FMN, 0.001; 
reduced glutathione, 5; ribulose-di-P, 1; NaHC!*Os, 10. 


Total CO; fixed as 
Illumination Total CO: fixed 
PGA 
min c.p.m. % 
1 108 , 000 100 
2 196, 000 75 24 
5 450, 000 54 38 
10 600 , 000 40 57 
20 750, 000 13 86 


measurable product. With continuing exposure to light and 
increasing total CO, fixation, the proportion of PGA diminished 
and that of sugar phosphates increased. After 20 minutes of 
illumination, sugar phosphates accounted for 86% of the photo- 
synthetic products. 

These findings are consistent with the view that the initial 
CO; fixation in chloroplasts is the reaction catalyzed by ribulose- 
di-P carboxylase (4-7), resulting in the cleavage of ribulose-di-P 
by CO, to 2 moles of PGA (Equation 4). 


Ribulose-di-P + CO, — 2 PGA (4) 


The PGA is then reduced to sugar phosphates, in a reversal of 
the glycolytic pathway of sugar breakdown, the TPNH, and 
ATP, required for the reduction of PGA (Equations 5 and 6), 
being formed by light. Evidence for this second phase of CO, 
assimilation in chloroplasts will now be presented. 
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II. Reductive Phase 


The reduction of PGA to hexose phosphate by a reversal of 
the glycolytic pathway involves the participation of phospho- 
glycerate kinase, triosephosphate dehydrogenase, triosephosphate 
isomerase, aldolase, and fructose diphosphatase. These glyco- 
lytic enzymes were found to be present in the aqueous extract of 
chloroplasts, with the improved methods now used for the isola- 
tion of chloroplasts. Isolation methods used earlier (37, 38) 
failed to include the soluble portion of chloroplasts and the 
preparations obtained were chloroplast fragments rather than 
whole chloroplasts. Consequently, the glycolytic enzymes, be- 
cause of their solubility, were usually lost in the older chloroplast 
preparations; for example, the triosephosphate dehydrogenases 
of green leaves were reported to be localized in the cytoplasmic 
fluid rather than in chloroplasts (37, 38). It must be empha- 
sized, however, that even with the current improved methods for 
preparing chloroplasts the leakage of soluble enzymes cannot be 
completely prevented. This may account, at least in part, for 
the lower rate of CO: fixation in isolated chloroplasts than in 
intact leaves (Table VI). 

Phosphoglycerate Kinase and Triosephosphate Dehydrogenases— 
The presence of these enzymes in an aqueous extract of chloro- 
plasts is shown in Fig. 1. The oxidation of TPNH: and DPNH, 
by the triosephosphate dehydrogenases occurred only in the 
presence of ATP, indicating that PGA was phosphorylated by 
phosphoglycerate kinase to 1,3-diphosphoglycerate before its 
reduction to glyceraldehyde-3-P (Equations 5 and 6). 


3-PGA + ATP = 1,3-diPGA + ADP (5) 
TPNH: (or DPNH:2) + 1,3-diPGA = 


6 
glyceraldehyde-3-P + TPN (or DPN) + H3PO, m7 


Both the DPN- and the TPN-dependent triosephosphate dehy- 
drogenases (37-39) were found to be present in the chloroplast 
extract, under the conditions of the test, in which exogenous 
DPNH2 and TPNH: were supplied in the dark. However, as 
shown below, in a complete, illuminated chloroplast system only 
TPN was effective in reducing PGA. 

Specificity of TPN in Photochemical Reduction of PGA—When, 
instead of supplying exogenous TPNH: and DPNH; to a chloro- 
plast extract in the dark, the oxidized forms of pyridine nucleo- 
tides were supplied to a complete chloroplast system in the light, 
only TPN was effective in bringing about the reduction of PGA 
since only TPN was reduced in light by chloroplasts (14, 40). 
Table III shows that the addition of TPN, but not that of DPN, 
increased significantly total CO, fixation in the light. In earlier 
experiments with broken chloroplasts (41, 42), under somewhat 
different experimental conditions, TPN increased CO, fixation 
more than DPN, but DPN was also effective. 

In the present investigation, the sole product of COz fixation 
in the DPN system was phosphoglycerate (Fig. 2), whereas in 
the TPN system a reductive pattern of CO, assimilation, includ- 
ing the formation of sugar phosphates, was observed (Fig. 3). 

Aldolase—Evidence for the presence in chloroplasts of aldolase, 
which catalyzes Reaction 7, is given in Fig. 4. 


Glyceraldehyde-3-P + dihydroxyacetone phosphate @ 


(7) 
fructose-1 ,6-di-P 


The presence of aldolase in chloroplasts was determined by 
coupling Reactions 7 and 6, and measuring the reduction of DPN 
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TaB_e III 
Effect of TPN and DPN on CO, fixation by 
isolated chloroplasts tn light 
Reaction mixture as in Table II, except that glutathione was 
omitted, 0.1 umole of FMN was used, 0.3 umole of glucose-1-P 
replaced ribulose-di-P, and the indicated additions of TPN or 
DPN replaced the uniform TPN addition. 


COs fixed 


TPN or DPN added 
| TPN series DPN series . 

pmoles | c.p.m. C.p.m. 

0 | 84, 000 84,000 
0.05 196, 000 86, 000 
0.1 226 , 000 98 , OOO 
0.3 252, 000 93 , O00 
1.0 | 260, 000 


102, 000 


in Reaction 6 after the addition of fructose-1 ,6-di-P to the reac- 
tion mixture (Fig. 4). 

Fructose Diphosphatase—Chloroplast extracts were found to 
have an active fructose diphosphatase (Fig. 5) which catalyzes 
the hydrolysis of the phosphate group linked to carbon 1| of fruc- 
tose-1 ,6-di-P (Equation 8). 

Fructose-1,6-di-P + — fructose-6-P + H;PO, (8) 
The occurrence of this enzyme in chloroplasts and its purifica- 
tion from spinach leaves have recently been described by Racker 
and Schroeder (43). The presence of fructose diphosphatase in 
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Fig. 2. Radioautograph of a chromatogram showing products 
of photosynthetic CO, assimilation by illuminated chloroplasts 


in the presence of 1 wmole of DPN. Other conditions as given in 
Table LIT. 
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Fic. 3. Radioautograph of a chromatogram showing products 
of photosynthetic CO, assimilation by illuminated chloroplasts 
in the presence of 1 wmole of TPN. Other conditions as given in 
Table III. 
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Fig. 4. Aldolase in chloroplasts. The reaction mixture (3.0 ml 
final volume) contained chloroplast extract equivalent to 1 mg 
of chlorophyll, and in micromoles: Tris buffer, pH 8.3, 100; evs- 
teine, 9; sodium arsenate, 15; and DPN, 0.3. At the time indi- 
cated by the arrow 3 wmoles of fructose diphosphate were added. 


chloroplasts strengthens the view that a reversal of the glycolytic 
pathway is involved in the reaction of CO, to the level of sugar. 
As was emphasized by Krebs (44), Reaction 8, by a hydrolytie 
removal of phosphate from fructose-di-P, circumvents an energy 
barrier when the glycolytic pathway is functioning as a synthetic 
rather than a degradative pathway in carbohydrate metabolism. 
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Fic. 5. Fructose-diphosphatase in chloroplasts. The reactio 
mixture (1 ml final volume) contained chloroplast extract equiva 
lent to 1 mg of chlorophyll, and in micromoles: Tris buffer, pH 
8.0, 100; cysteine, 6; magnesium chloride, 5; manganese chloride, 
2; and fructose diphosphate, 10. 


IIT. Regenerative Phase 


Experiments with the reconstituted “catalytic” chloroplast 
system have also yielded evidence for the regenerative phase of 
CO, assimilation, t.e. enzymatic rearrangements of carbohydrates 
or related compounds, to form the pentose monophosphate 
needed in the carboxylative phase. The dependence of CO:2 
assimilation on these “primer” substances in the regenerative 
phase was indicated by experiments with chloroplasts prepared 
from plants in which starch and other sugar reserves were de- 
pleted. The depletion was accomplished by transferring the 
intact plants, kept in the same nutrient solution in which they 
were grown, to darkness for a period of 95 hours before harvesting 
leaves for the isolation of chloroplasts. As shown in Table IV, 
chloroplasts prepared from such carbohydrate-depleted leaves 
were unable to fix CO. unless supplemented with solubilized 
starch or catalytic amounts of glucose 1-phosphate. The addi- 
tion of starch was effective only in the presence of inorganic phos- 
phate, suggesting that, phosphorylation of starch and its cleavage 
to sugar-phosphate were involved. 

Table V shows that with chloroplasts from carbohydrate-de- 
pleted leaves the “priming” of CO, assimilation was also 
obtained by adding to the reaction mixture catalytic amounts of 
one of a number of phosphorylated sugars or related compounds, 
some of which have previously been found to increase CQ, fixa- 
tion by “broken” chloroplasts (41, 42). It seems justifiable to 
conclude that chloroplasts have the enzyme systems necessary 
for catalyzing the rearrangements of the added primer substances 
to give pentose monophosphate which is needed for the carboxyla- 
tive phase of CO, assimilation. In normal leaves pentose mono- 
phosphate would be formed at the expense of the carbohydrate 
reserves available at the beginning of each period of photosyn- 
thesis. However, as shown in Table IV, the supply of the CO, 
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acceptor or its precursor was limiting CO, fixation even in chloro- 
plasts isolated from normal leaves. Unlike the whole chloro- 
plasts (17, 19), COs fixation in broken or reconstituted chloro- 
plasts was greatly increased by, and often failed to occur without, 
the addition of the CO. acceptor or its precursor. 


IV. CO, Fixation by Isolated Chloroplasts and by Intact Leaves 


Since the chloroplast is the site of complete photosynthesis in 
the leaf, namely the site of CO, assimilation to the level of car- 
bohydrates and of simultaneous oxygen evolution, it is of interest 
to compare the rate of CO, assimilation by chloroplasts in situ 
with that by chloroplasts removed from the cell. To be meaning- 
ful, the comparison must be made between the rate of CO, as- 
similation by isolated chloroplasts and that of the same batch of 
parent leaf material from which the chloroplasts were removed. 
Experiments of this kind were carried out in this laboratory by 


TaBLeE IV 


CO, fization by chloroplasts isolated from 
carbohydrate-de pleted leaves 


Reaction mixture as in Table II, except that ribulose- di- P was 
omitted and 0.1 wmole of FMN was used. Sodium phosphate was 
omitted in treatments 4, 6, and 8. Two umoles of ATP were 
added in treatments 4 to 8, 0.3 umole of glucose-1-P in treatments 
3 and 8, and 90 ug of “‘soluble’’ starch in treatments 2, 6, and 7. 
The normal leaves were harvested at 4 p.m., the carbohydrate- 
depleted leaves were kept in the dark for 95 hours before harvest. 


COs: fixed 
Source of chloroplasts 
Normal leaves Carbohy 
C.p.m. Cc. p.m. 
153,000 82,000 
3. Glucose-1-P.......... 230, 000 240, 000 
7. Starch + PO,...... 100,000 63,000 
8. Glucose-1-P.......... 164,000 170,000 
TABLE V 


Effect of different ‘‘primer’’ substances on CO, fixation 
by illuminated isolated chloroplasts 


Chloroplasts were isolated from carbohydrate-depleted leaves 
(Table IV). Reaction mixture as in Table II, except that ribu- 
lose-di-P was omitted. Of each of the 6- or 5-carbon primer sub- 
stances, 0.3 wmole and of each of the 3-carbon primer substances 
0.6 umole were added as indicated. 


Primer substance added te Primer substance added — 

c.p.m. c.p.m. 
6,000) 6-Phosphogluconic acid. .| 90,000 
Ribose-5-P........... 191,000) Glyceraldehyde-3-P...... 138, 000 
Fructose-1,6-di-P. .. .|116,000) 3-Phosphoglycerate...... 127,000 
Fructose-6-P......... 106, 2- 85,000 
Glucose-6-P.......... 116,000) Fructose. . 
Glucose-1-P.......... 100, 000 58, 000 
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TaBLeE VI 

CO, fixation by isolated spinach chloroplasts and by parent leaves* 

Whole normal leaves, freshly harvested from the greenhouse, 
were exposed to C!*O, in a glass chamber, and illuminated at 20° 
with the same light intensity as the isolated chloroplasts. At the 
end of illumination the leaves were killed in boiling 80% ethanol 
and the radioactivity counted in the ethanol-soluble and insoluble 
fractions. CQO, fixation by illuminated chloroplasts was meas- 
ured, as described in ref. 42, Table IV (fructose-di-P treatment). 


CO: fixed/hr/mg 
— CO: fixed by chloroplasts/ 
c 
Experiment CO: fixed 
pmoles pmoles % 
A 16.4 4.5 26.4 
B 20.2 5.2 25.8 
C 30.7 6.0 19.5 


* Data of F. R. Whatley and M. B. Allen. 


Drs. F. R. Whatley and M. B. Allen. As shown in Table VI 
the rate of CO, fixation by isolated chloroplasts was, on a unit 
chlorophyll basis, about 20 to 25% of that in the intact parent 
leaf. It should be pointed out, however, that the rates of CO, 
assimilation in these detached spinach leaves (high in starch) 
were lower than maximal rates reported for other leaves or for 
Chlorella cells (45). Photosynthesis in detached leaves varies 
inversely with the stored carbohydrates and ceases altogether 
when these reach a high concentration (46, 47). 


DISCUSSION 


The results of this investigation support the conclusion that 
carbohydrate synthesis from CO, by isolated chloroplasts occurs 
by the same dark reactions of the reductive carbohydrate cycle 
which has been observed in intact cells, whether photosynthetic 
or not. The dark reactions of carbohydrate synthesis take place 
in the colorless, water-soluble fraction of chloroplasts and are 
driven by “assimilatory power,” consisting of ATP and TPNH:, 
the two compounds which are formed photochemically by the 
green fraction of chloroplasts in two reactions: cyclic and non- 
cyclic photophosphorylation (Equations 1 and 2). 

The inability of chloroplasts, when freed from mitochondrial 
contamination, to respire (20, 48) rules out the contribution of 
respiration to the energy requirements of CO: assimilation by 
isolated chloroplasts. ATP and TPNH: formed by light appear 
to suffice for accomplishing the dark conversion of CO, to car- 
bohydrates. From the work with isolated chloroplasts, there is 
neither valid evidence nor a theoretical need for postulating a 
photochemical formation of a special, strong reductant capable 
of a direct reduction of CO, to the level of carbohydrate by some 
unknown reaction peculiar to photosynthesis (see, for example, 
49, 50). 

Of the three phases of the reductive carbohydrate cycle (Fig. 
6) only two, the carboxylative and reductive, require an input of 
chemical energy derived from the conversion of trapped light 
energy. The carboxylative phase depends on light for ATP but 
requires no “reducing power.” The energy for this phase of 
CO, assimilation can thus be provided by cyclic photophosphoryl- 
ation (Equation 1), which generates ATP but no TPNH:. This 
was demonstrated by first using cyclic photophosphorylation for 
the formation of ribulose-di-P in the absence of COs, and then 
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carrying out the carboxylation reaction in the absence of phos- 
phorylation (Table I). By contrast, with ribose-5-P as the CO, 
acceptor, no significant carboxylation occurred without a con- 
current photophosphorylation (cf. 51). 

The site of action for both components of assimilatory power, 
TPNH: and ATP, is the reductive phase of CO; assimilation in 
chloroplasts, when PGA is reduced to sugar phosphate (Fig. 6). 
The light reaction of chloroplasts which supplies both TPNH, 
and ATP, with a concomitant evolution of oxygen (Equation 2), 
is noncyclic photophosphorylation. The mechanism of noncyclic 
photophosphorylation, as it is now envisaged (16), explains, with- 
out invoking the photolysis of water theory, why CO; assimilation 
is accompanied by oxygen evolution in green plants but not in 
photosynthetic bacteria. 

The regenerative phase of CO, assimilation in chloroplasts, 
when molecular interconversions of hexose phosphate form stor- 
age carbohydrates and pentose monophosphate, appears to be 
independent of a photochemically generated driving force. The 
known enzyme reactions involved in this phase do not require 
ATP or TPNH:. The demonstrated convertibility of a large 
number of “primer” substances, including starch, to what is 
probably pentose monophosphate (Tables IV and V), leaves little 
doubt that chloroplasts contain the enzymes required for the 
conversion of hexose phosphate to storage carbohydrates and 
pentose monophosphate. 

The investigation of the enzymatic composition of chloroplasts 
has thus far revealed only one enzyme which seems to be peculiar 
to photosynthetic tissues: the TPN-linked triosephosphate de- 
hydrogenase. This enzyme was previously found in leaves of 
sugar beets, spinach, sunflower, and tobacco (37, 38) and, 
independently by Gibbs, in pea leaves (39). Its cyclic emergence 
in leaves is induced by light (52). With the sole exception of a 
low activity in an induced barley albino mutant (11), this enzyme 
was never reported as occurring in nongreen tissues. By con- 
trast, as already mentioned, ribulose-di-P carboxylase is not 


A B 
A Cc 


Corbohydrote synthesis by isolated chloroplasts. 


Fic. 6. Condensed diagram of the reductive carbohydrate cycle 
in chloroplasts. The cycle consists of three phases. In the car- 
boxylative phase (a), ribulose-5-P is phosphorylated to ribulose- 
di-P which then accepts a molecule of CO: and is cleaved to 2 
molecules of PGA; in the reductive phase (B) PGA is reduced 
and converted to hexose phosphates; in the regenerative phase 
(c) hexose phosphate is converted into storage carbohydrates 
(starch) and into the pentose monophosphate needed for the 
carboxylative phase. All the reactions of the cycle occur in 
the dark. The reactions of the carboxylative and reductive 
phases are driven by ATP and TPNH; formed in the light. 
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specific to photosynthetic tissues; it is also known to occur in 
non-chlorophyllous cells (12, 13, 9, 11). 

The characteristic occurrence of the TPN-linked triosephos- 
phate dehydrogenase in photosynthetic tissues is in accord with 
the observed specificity of TPN in the reduction of PGA by il- 
luminated chloroplasts (Figs. 2 and 3). These results add to the 
evidence for the specificity of TPN in photosynthesis of green 
plants, as previously observed in cyclic and noncyclic photophos- 
phorylation (53, 14, 40, 34). 

The rate of CO, assimilation by isolated chloroplasts (54, 42) 
was found to be substantial when compared with that observed 
in the parent leaf tissue. The retention by isolated chloroplasts 
of 20 to 25% of the rate of CO: fixation of the parent leaf tissue 
(Table VI), compares favorably with some other extracellular 
activities of isolated cellular components as, for example, with 
the loss of 80 to 90% in respiration of disrupted yeast cells (Krebs, 
55). It is possible that future improvements of experimental 
techniques will result in further increases of the rate of CO, fixa- 
tion by isolated chloroplasts. However, once chloroplasts have 
been found to be capable of a substantial assimilation of CO. to 
sugars outside the cell, the characterization of the isolated pho- 
tosynthetic apparatus acquires intrinsic interest, regardless of 
the currently demonstrable rate of CO, fixation. (In the case 
of cyclic photophosphorylation, improved experimental condi- 
tions gave, after 3 years of experimentation, rates of over 170 
times higher than those initially obtained (56-58).) 

The results of this investigation invite comparison with those 
of Fager (59). His special chloroplast preparation from spinach 
leaves “by itself exhibited no carbon dioxide-fixing power in the 
light or in the dark” (59). CO» was fixed by a protein fraction 
(“enzyme’’), which he later found (60) to be a source of the CO, 
acceptor. The rate of CO, fixation was increased when the “en- 
zyme” was illuminated in the presence of the chloroplast prepa- 
ration. The addition of DPN or TPN had no effect, whereas 
that of ATP was inhibitory to CO; fixation in both light and dark. 
The fixation of CO, did not proceed beyond phosphoglycerate. 
Thus Fager’s results provided no evidence for a reductive (photo- 
synthetic) CO, assimilation in his chloroplast preparations but 
suggest that these contained a ribulose-di-P carboxylase system. 
Why that system had become inhibited by added ATP cannot be 
explained by the results of our investigation. 


SUMMARY 


CO, assimilation by “broken” and reconstituted chloroplasts 
was investigated in a “catalytic system” that was dependent on 
the products of the light reactions of photosynthesis. 

Evidence is presented for the operation in isolated chloroplasts 
of a reductive carbohydrate cycle similar to that found by other 
investigators in photosynthetic and nonphotosynthetic cells. 
Chloroplasts were found to have enzymes catalyzing three phases 
of the cycle: the carboxylative phase, which includes the forma- 
tion and subsequent carboxylation of ribulose diphosphate; the 
reductive phase, which includes reduction to hexose phosphate 
by a reversal of glycolysis; and the regenerative phase, which 
includes molecular rearrangements resulting in the formation of 
pentose monophosphate needed for the carboxylative phase. 

The dark reactions of the reductive carbohydrate cycle in iso- 
lated chloroplasts depended on the two light reactions, cyclic and 
noncyclic photophosphorylation, for the formation of reduced 
triphosphopyridine nucleotide required in the reductive phase, 
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and of adenosine triphosphate required in the carboxylative and 
reductive phases. 

Chloroplasts isolated from carbohydrate-depleted leaves were 
unable to fix CO2, but regained this capacity on addition of one 
of a number of carbohydrates or related compounds. 

Although chloroplasts contained both the tri- and diphospho- 
pyridine nucleotide-linked triosephosphate dehydrogenases, only 
the triphosphopyridine nucleotide-linked enzyme was effective 
in the light-dependent assimilation of CO. This enzyme 
emerges as the only distinctive feature, known so far, of the re- 
ductive carbohydrate cycle in chloroplasts. 
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A previous article (1) has described a reconstituted “catalytic” 
chloroplast system in which, as in the intact leaf, the dark reac- 
tions of photosynthetic CO, assimilation depended on light for 
the generation of assimilatory power (2), t.e. reduced triphospho- 
pyridine nucleotide and adenosine triphosphate. The companion 
paper (3) discusses the sitesof action of photochemically generated 
ATP and TPNH: in the reductive carbohydrate cycle which oper- 
ates in isolated chloroplasts. This communication gives further 
evidence for the action of the photochemically generated assimi- 
latory power on two phases of the reductive carbohydrate cyele 
in isolated chloroplasts: the carboxylative phase which includes 
the phosphorylation of ribulose monophosphate and the fixation 
of COz, and the reductive phase, which includes the reduction of 
3-phosphoglyceric acid and the formation of hexose phosphate. 
The evidence to be presented here is derived from experiments in 
which the availability of ATP and TPNH: for CO: assimilation 
was decreased either by the use of inhibitors or by special ar- 
rangements of experimental conditions; certain of the inhibitors 
acted on single enzymatic reactions in CO, assimilation. 


METHODS 


The methods used (including the preparation of ribulose di- 
phosphate) were those described in the companion article (3). 
Further details are given in the tables and the legends to the 
figures. 


RESULTS AND DISCUSSION 


Inhibition of Carborylative and Reductive Phases of CO: 
Assimilation through Shortage of ATP 


Since ATP is required for the formation of ribulose diphos- 
phate in the carboxylative phase and the formation of 1 ,3-diPGA! 
in the reductive phase (3), a shortage of ATP should inhibit both 
phases of CO, assimilation. Experimentally, a shortage of ATP 
was brought about in two ways: (1) by the use of uncouplers and 
inhibitors of photophosphorylation, or (2) by allowing ATP to 
form, but decreasing its availability for CO, assimilation through 
competition with another ATP-consuming enzyme system, hexo- 
kinase-gluense. The inhibition of the carboxylative phase was 
measured by a decrease in total CO, fixation, the inhibition of 


* Aided by grants from the National Institutes of Health, 
United States Public Health Service, and the Office of Naval Re- 
search. 

1The abbreviations used are: PGA, 3-phosphoglyceric acid; 
1,3-diPGA, 1,3-diphosphog!tyceric acid; FMN, flavin mononucleo- 
tide. 


the reductive phase, by the preponderance of PGA among the 
products of CO: assimilation. 

Uncoupling of ATP Formation from TPN Reduction by Am- 
monia—Krogman et al. (4) have discovered that in noncyclic 
photophosphorylation (5) with ferricyanide, ammonia effectively 
uncouples ATP formation from the photochemical reduction of 
ferricyanide. We have investigated the effect of ammonia when 
ATP was being formed simultaneously by cyclic photophos- 
phorylation (Equation 1) and by noncyclic photophosphorylation 
with TPN (Equation 2) (5). 

It was previously shown that the ATP requirement for reduc- 
tive (photosynthetic) CO. assimilation by chloroplasts was satis- 
fied only, if Reactions 1 and 2 were, in an appropriate balance, 
allowed to proceed simultaneously (1). The balance between 
these two reactions was maintained in this instance by including 
in the reaction mixture a minute amount of FMN (Table I) but 
similar results were also obtained in the presence of minute 
amounts of vitamin K; (1, 6; also see Fig. 2). 


ATP (1) 


DP > 
chloroplasts 


light : 
chloroplasts (2) 


2 TPN + 2 + 2 ADP + 2 H;PO, 


2 TPNH: + O2 + 2 ATP 


As shown in Table I, ammonia suppressed almost completely 
the formation of ATP in light, whether by Reaction 1 or 2. In 
the presence of ammonia, illuminated chloroplasts generated, 
apart from oxygen, only one component of assimilatory power, 
TPNHe. Table II shows that under these conditions both the 
carboxylative and reductive phases of COz assimilation were 
sharply curtailed. The inhibition of the carboxylative phase by 
ammonia was measured by the decrease in the total CO, fixed 
when ribose-5-P was supplied as the CO, acceptor. The lack of 
ATP blocked the conversion of ribose-5-P to ribulose-di-P which 
reacts with CO, in the carboxylation reaction to give 2 molecules 
of 3-PGA. (References are cited in the companion article (3).) 

When ribulose-di-P was added as the CO, acceptor, the car- 
boxylation reaction occurred, resulting in the cleavage of ribulose- 
di-P by CO, to two molecules of 3-PGA. Here the inhibitory ef- 
fect of ammonia on total CO, fixation was only slight (Table II). 
But the shortage of ATP prevented the phosphorylation of 3- 
PGA to 1 ,3-diPGA and therefore blocked its reduction to triose- 
phosphate by TPNH: TPNHz2, the photosynthetic “reducing 
power,” continued to form in light, but without ATP it was 
powerless to reduce 3-PGA. Thus, in the presence of ribulose- 
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TABLE I 
Uncoupling of photosynthetic phosphorylation 
from TPN reduction by ammonia 
Each vessel contained in a final volume of 3 ml: broken chloro- 
plasts (Cis) containing 0.5 mg of chlorophyll; chlorophyll extract 
equivalent to 2 mg of chlorophyll; and the following in uwmoles: 
Tris, pH 7.5, 80; MgCle, 5; MnCl, 2; sodium ascorbate, 10; TPN, 
4; ADP, 10; Kz,HP#20,, 10; FMN, 0.001 and NH;Cl as indicated. 


Concentration of NHsCl | P esterified 
pmoles pumoles | 
0 3.7 9.4 
5 X 10°*M 3.6 7.7 1S 
10-3 M | 3.6 | 5.0 47 
10°? M | 3.4 0.6 


di-P the inhibition of ATP formation by ammonia resulted in 
the accumulation of 3-PGA, indicating a curtailment of the re- 
ductive phase of CQO, assimilation. 

Ammonia inhibition of CO, fixation by chloroplasts has re- 
cently been reported by Gibbs and Calo (7). In their experi- 
ments with whole chloroplasts the inhibition by ammonia was 
not relieved by added ATP. In our experiments with reconsti- 
tuted chloroplasts, the use of ATP in a prior conversion of ribose- 
5-P to ribulose-di-P was effective in virtually preventing the 
inhibition of the carboxylative phase of COz assimilation by am- 
monia. 

Effect of Dinitrophenol—Dinitrophenol inhibits photosynthetic 
phosphorylation but at concentrations (beginning at about 10-* 
M) higher than those which uncouple oxidative phosphorylation 
(8, 9, 4). The effect of dinitrophenol on CO: assimilation was 
investigated with the use of, as in the case of ammonia, either 
ribose-5-P or ribulose-di-P as CO. acceptors. The results are 
given in Table III. 

Dinitrophenol, at a concentration of 2 xX 10-3 M, inhibited 
total CO, fixation 82% in the presence of ribose-5-P. The sole 
product of the diminished CO, fixation was PGA (Table II1). 
These results indicate that both the carboxylative and reductive 
phases of CO, assimilation were strongly inhibited at a concen- 
tration of dinitrophenol, which is known to inhibit ATP forma- 
tion in light. 

Concordant evidence for dinitrophenol inhibition of the reduc- 
tive phase of CO, assimilation was obtained when ribulose-di-P 
was supplied as the CO, acceptor. In this case total CO, fixation 
was inhibited only 26% (at 2 x 10-* m dinitrophenol), but PGA 
accumulated as the predominant product of CO, fixation (Table 
III). The reduction of PGA to triosephosphate was impeded. 

Competition for ATP by Hexokinase-glucose System—Another 
demonstration of the dependence of the carboxvlative and reduc- 
tive phases on photochemically generated ATP was obtained by 
the addition of a hexokinase-glucose system to the reaction mix- 
ture. In these experiments no inhibitor of photophosphoryla- 
tion was used. ATP was allowed to form in light but its avail- 
ability for CO» assimilation was reduced by the competition of 
the added hexokinase-glucose system. The results are summa- 
rized in Table IV. 

The competition of the hexokinase-glucose system for ATP 
decreased total CO, fixation 80% in the presence of ribose-5-P. 
These results indicate that the carboxylative phase was limited 
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TABLE II 


Effect of ammonia on CO, assimilation in light in presence of 
ribose-5-P or ribulose diphosphate 

Each vessel contained in a final volume of 2.5 ml: broken chloro- 
plasts (Ci,) containing 0.5 mg of chlorophyll; chlorophyll extract 
equivalent to 2 mg of chlorophyll; and the following in umoles: 
Tris buffer, pH 7.5, 80; MgCl., 5; MnCl, 2; sodium ascorbate, 10; 
TPN, 0.3; ADP, 0.5; sodium phosphate pH 7.5, 5; FMN, 0.001; 
NaHC!COs;, 10; and 1 umole of either ribose-5-P or ribulose-di-P. 


Ribose-5-P Ribulose-di-P 
Concentration | Total C¥Os fixed as 
of NH«Cl Total C4Oz | Inhibi-| Total | Inhibi- 
xed | tion | fixed tion Phospho- ca 
glycerate | phates* 
c.p.m. | % c.p.m. % % % 
0 425,000 376,000 3 97 
10-3 M 180,000 58 | 302,000 | 19 99 10 
10°? M 85, 000 | SO 204, 000 20 100 


* Sugar mono- and diphosphates and dihydroxvacetone phos- 
phate. 


TaBLeE III 


Effect of dinitrophenol (DNP) on COs assimilation in light in 
presence of ribose-5-P (1) and ribulose diphosphate (II) 
Experimental conditions as in Table IT. 


Total COs fixed as 


Total | fnhibition| 


Expt. No. | Concentration of DNP ua 
| Phospho- Sugar 
| | phates 
| | | | | 
p.m. | % 
0 345,000 6 92 
| M 331,000 3 8 | 90 
| 10-3 M 185,000 | 47 | 59 | 38 
| | | 3 100 
0 870,000 30. 70 
| «80,000 | 6 | | 
107-3 680,000, 55 | 44 
2x 10-3 000 26 20 
TABLE IV 


Effect of hexokinase system (HK) on CO, assimilation in light tn 
presence of ribose 5-phosphate or ribulose diphosphate 
Reaction mixture as in Table II, except that 5umoles of reduced 
glutathione were added. In the hexokinase treatment, 20 umoles 
of glucose and 1.5 mg of a crude hexokinase preparation (Type II, 
Sigma Chemical Company) were added to the reaction vessel. 


Total 
| | fixed as 
Treatment Total fixed Inhibition 
Sugar 
Phospho- 
islycerate | 
Ribose-5-P................| 410,000 | 
Ribose-5-P, 84,000 SO 
815,000 26 73 
670,000 | 17 


Ribulose-di-P, HK 
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Fic. 1. Radioautograph of a chromatogram showing products 
of photosynthetic CO, assimilation by illuminated chloroplasts 
in the presence of 0.3 wmole of vitamin K;. Reaction mixture as 
in Table II, except that FMN and pentose phosphates were omit- 
ted and 0.3 ymole of glucose-1-P was added. 


by a shortage of ATP. Evidence for the curtailment of the re- 
ductive phase was found when ribulose-di-P was supplied as the 
CO, acceptor. Here total CO, fixation was inhibited only 17%, 
but no reduction of PGA occurred. 

The competition for ATP, between an added hexokinase-glu- 
cose system and photosynthetic CO, assimilation, suggests that 
the feeding of glucose to intact, photosynthesizing cells may, by 
favoring the hexokinase reaction, bring about an apparent de- 
crease in the rate of photosynthesis. 


Inhibition of Reductive Phase of CO, Assimilation 
through Shortage of TPNH, 


Effect of Vitamin K;—In the experiments described so far the 
reductive phase of CO, assimilation was inhibited by a shortage 
of ATP. The reductive phase was also inhibited, in the presence 
of abundant ATP, through a shortage of TPNH». Thus, a short- 
age of either ATP or TPNH: will prevent the reductive (photo- 
synthetic) CO, assimilation. 

The procedure used to demonstrate the dependence of the re- 
ductive phase on TPNH: was based on the previously reported 
effects of vitamin K, FMN, or phenazine methosulfate on non- 
evelic photophosphorylation (2, 6, 1). The addition of one of 
these substances, at a relatively high concentration, converts 
nonevelic photophosphorylation (Equation 2) to the cyclic type 
‘Equation 1). Oxygen evolution and the accumulationof TPNH, 


3 

PHOSPHOGLYCERATE 

DIHYOROXY ACE TONE 
5 MONOPHOSPH ATES 
{GLUCOSE , FRUCTOSE) 
DIPHOSPHATES 
(F RUCTOSE , RIBULOSE ) 


Fic. 2. Radioautograph of a chromatogram showing products 
of photosynthetic CO, assimilation by illuminated chloroplasts in 
the presence of 0.01 umole of vitamin K;. Reaction mixture as in 
Table IT, except that FMN and pentose phosphates were omitted 
and 0.3 umole of glucose-1-P was added. 


are suppressed, phosphorylation is sharply increased, and the 
principal product of the light reaction is ATP (2, 6). 

Under these conditions, ATP is abundant and the carboxyla- 
tive phase of COz assimilation should proceed without hindrance, 
resulting in the formation of PGA. But PGA would accumulate, 
since its reduction to triosephosphate would be blocked by lack 
of TPNH: Evidence that this occurred in the presenes of 0.3 
umole of vitamin K; is shown in Fig. 1. At the lower concentra- 
tion of vitamin K3, when both cyclic and noneyelic photophos- 
phorylations were possible, a normal reductive pattern of CO, 
assimilation in chloroplasts was observed (Fig. 2) (ef. 1). 


Inhibitors of Individual Enzymes in CO, Assimilation 


KE ffect of Arsenate and Phosphate—Weissbach et al. (10) reported 
that purified ribulose-di-P carboxylase was inhibited by arsenate 
and phosphate. It was therefore expected that arsenate and 
phosphate would strongly inhibit the carboxylative phase of CO, 
assimilation by the reconstituted chloroplast system. This ex- 
pectation was not fulfilled. As shown in Table V, arsenate or 
phosphate, at concentrations high for inhibitors (11), was only 
mildly inhibitory to CO, fixation when ribulose-di-P was supplied 
as the CO, acceptor. 

By contrast with the mild inhibition of the carboxylative phase, 
the addition of arsenate (but not of phosphate) strongly inhibited 
the reductive phase of CO: assimilation in chloroplasts. This is 
shown by the accumulation of PGA (Tables V and VI). When 


ribose-5-P was supplied as the CO, acceptor, arsenate was again 
only mildly inhibitory to total CO, fixation, a result which indi- 
cates no substantial inhibition of either the conversion of ribose- 
However, 


5-P to ribulose-di-P or of the carboxylation reaction. 
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TABLE V 
Effect of phosphate and arsenate on CO; assimilation in light in 
presence of ribulose diphosphdte 
Experimental conditions as in Table II. 


— 


Total 
x as 
Treatment Total CO: fixed | Inhibition . 
ugar 
glycerate| 
c. p.m. % % % 
Control* 1,070,000 14 83 
Arsenate 
10-3 m 910,000 14 58 41 
5 X 10-7 mM 880,000 17 87 12 
10-2 m 790, 000 26 100 0 
Phosphate 
5 X 10°77 1,040,000 
10-2 1,100,000 17 81 
3.7 X 10°27 750,000 30 18 80 


Contains 10-* m phosphate. 


TABLE VI 


Effect of arsenate on CO; fixation in light in presence of 
phosphoglycerate or ribose 5-phosphate 
Reaction mixture as in Table II. One umole of PGA or of 
ribose-5-P was added, respectively. 


Phosphoglycerate Ribose-5-P 
Total 
fixed as 
Concentration of 
Total | Inhibi-| Total C“O: |Inhibi-| | g 
fixed tion fixed tion | & an 
ay 
33 
| 
Nn 
C.p.m. % c.p.m. % % % 
0 257 , 000 364 , 000 9 | 90 
10-3 m 148,000 43 305, 000 16 45 | 63 
5 X 107-3 mM 58, 000 78 237 , 000 35 100 


in the presence of arsenate, CO, assimilation did not go beyond 
PGA, which accumulated as the main product (Table VI). 

Further evidence for the inhibition by arsenate of PGA reduc- 
tion was found when PGA was supplied as a precursor for the 
carboxylation phase (Table VI; also see Table V in ref. 3). 
Under these conditions arsenate strongly inhibited total CO, 
fixation. This suggests an insufficiency of the CO: acceptor, 
caused by the failure of the conversion of PGA to pentose phos- 
phate, a series of reactions which includes the reduction of PGA 
to triosephosphate. 

Arsenate thus seemed to be a strong inhibitor not of the car- 
boxylative but of the reductive phase of CO: assimilation, which 
involves the reduction of PGA to glyceraldehyde-3-P. This 
effect of arsenate in hindering the reduction of PGA would be 
expected from the well known effect of arsenate in promoting the 
irreversible oxidation of glyceraldehyde-3-P to PGA as catalyzed 
either by the classical DPN-dependent triosephosphate dehydro- 
genase (12) or by the TPN-dependent enzyme from photosyn- 
thetic tissues (13, 14). 

Arsenate and phosphate seem to be more effective inhibitors 


A.V. Trebst, M. Losada, and D. I. Arnon 


843 


of CQ, assimilation in whole chloroplasts (7) than in broken 
chloroplasts (15), similar to those used in the present investiga- 
tion. An explanation of the inhibitory effect of phosphate on 
CO, fixation by whole chloroplasts was sought earlier (16) in a 
possible competition between photosynthetic phosphorylation 
and CO, assimilation. However, the work with reconstituted 
chloroplast systems (1, 3) now leaves little doubt that photosyn- 
thetic phosphorylation is a prerequisite for CO: assimilation in 
photosynthesis. Phosphate, within a physiological range of con- 
centration, does not inhibit CO, assimilation. 

Avron and Jagendorf (17) concluded that arsenate is a com- 
petitive inhibitor of photosynthetic phosphorylation, but they 
also observed little inhibition of ATP formation in light (Table 
IV in ref. 4) at the highest concentration of arsenate, 1.0 x 107 
M, used in this investigation. This is in accord with the present 
findings that arsenate was only mildly inhibitory in the carboxyla- 
tive phase, in which an ATP shortage would, in the presence of 
ribose-5-P, be reflected in a sharp curtailment of the total CO, 
fixed. 

Effect of Todoacetamide—In previous experiments with whole 
chloroplasts, iodoacetamide was found to be a strong inhibitor 
of CO, fixation but not of photosynthetic phosphorylation (8). 
With reconstituted chloroplasts iodoacetamide strongly inhibited 
the carboxylative phase, but only mildly the reductive phase of 
CO, assimilation (Table VII). 

The strong inhibition of the carboxylative phase, as shown in 
the ribose-5-P series (Table VII), cannot be attributed to a short- 
age of ATP as, for example, in the case of ammonia inhibition 
(Table IT), since on present evidence, iodoacetamide, at the con- 
centration used, does not inhibit photophosphorylation. The 


TaBLe VII 


- Effect of iodoacetamide (IAA) on CO, assimilation in light in 
presence of ribose 5-phosphate or ribulose diphosphate 


Experimental conditions as in Table II. 


Ribose-5-P Ribulose-di-P 
| Total CHO; 
| fixed as 
Concentration of | Total CO: Inhibi- Total C“O: | Inhibi- 

IAA fixed | tion fixed tion Phos- | Sugar 
phoglyc-| phos- 
erate | phates 

c. p.m. | c. p.m. % % % 

0 438 , 000 690, 000 17 81 

10-4 mw 380, 000 13 645, 000 6 17 80 
10-3 130,000 | 70 530,000 24 | 12! 8&7 
107? M 18,000 | 96 440,000 36 | 48 , 49 


VIII 
Effect of cyanide on CO, fixation tn light tn 
presence of ribulose diphosphate 
Experimental conditions as in Table IT. 


Concentration of cyanide | Total CO: fixed | Inhibition 
| p.m. % 
0 | 632,000 | 
10-4 238, 000 | 62 
2X 114,000 | S2 
10-3 M | 31,000 | 95 


| 
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inhibitory effect of iodoacetamide on the total COz fixed in the 
presence of ribose-5-P is explained by its inhibition of the con- 
version of ribose-5-P to ribulose-di-P, and in this manner reducing 
the supply of ribulose-di-P for the carboxylation reaction. Phos- 
phoribulokinase, needed for the conversion of ribulose-5-P to 
ribulose-di-P was found to be a sulfhydryl enzyme (18), and its 
inhibition by iodoacetamide might be expected. But it is not 
excluded that iodoacetamide may also inhibit pentose isomerase 
which catalyzes the conversion of ribose-5-P to ribulose-5-P. 

The mild inhibition by iodoacetamide of the reductive phase 
of CO, assimilation, as shown by ribulose-di-P series in Table 
VII, indicates that, under our experimental conditions, there was 
no strong inhibition of the phosphoglyceric acid kinase or of the 
TPN-linked triosephosphate dehydrogenase by this inhibitor. 
It was previously reported (13) that the TPN-linked triosephos- 
phate dehydrogenase is more resistant to iodoacetamide inhibi- 
tion than the DPN-linked enzyme. 

Iodoacetamide inhibition of CO, fixation by whole and broken 
chloroplasts has recently been reported by Gibbs and Calo (7, 
15) who observed that broken chloroplasts are more sensitive to 
the action of this inhibitor than the intact preparations. 

Effect of Cyanide—Cyanide inhibition of photosynthesis has 
been the subject of many investigations, ever since it was first 
discovered by Warburg (19). Cyanide was previously found to 
inhibit the dark CO, assimilation in isolated chloroplasts (20). 
It was therefore of special interest to find that cyanide was a 
strong, and in our experience so far, the only effective inhibitor 
of ribulose-di-P carboxylase. As shown in Table VIII, in the 
presence of ribulose-di-P as the CO. acceptor, total CO, fixation 
was markedly reduced by low concentrations of cyanide. 


SUMMARY 


The dependence of the dark reactions of photosynthesis, con- 
cerned with CQ, assimilation, on two products of the light reac- 
tions, reduced triphosphopyridine nucleotide (TPN H2) and adeno- 
sine triphosphate (ATP), and the site of action of these two 
compounds in a reconstituted chloroplast system, were investi- 
gated under different experimental conditions. 

The inhibition by ammonia or dinitrophenol of ATP formation 
in light showed two sites of ATP action and resulted in the in- 
hibition of two phases of COs» assimilation: the carboxylative 
phase which includes the phosphorylation of pentose monophos- 
phate and the fixation of CO2, and the reductive phase, which 
includes the reduction of phosphoglyceric acid and the formation 
of hexose phosphate. 
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The carboxylative and reductive phases of CO: assimilation 
were also inhibited when ATP was allowed to form in light, but 
its availability for CO, assimilation was diminished by the com- 
petition of an added hexokinase-glucose system. 

The requirement for TPNH: in the reductive phase of CO, as- 
similation was shown under conditions when photophosphoryla- 
tion occurred but TPNH: formation was suppressed in light by 
the addition of appropriate amounts of vitamin Ks. 

CO, assimilation was inhibited by certain inhibitors under 
conditions when the supply of neither ATP nor TPNH: was limit- 
ing. Cyanide was found to inhibit strongly the carboxylation 
of ribulose diphosphate; arsenate inhibited the reduction of phos- 
phoglyceric acid; and iodoacetamide inhibited the conversion of 
ribose 5-phosphate to ribulose diphosphate. 
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In 1939, Keilin and Hartree (1) concluded from a study of the 
effect of cyanide and carbon monoxide on the absorption bands 
of the cytochrome spectrum of yeast and heart muscle prepara- 
tions that the absorption bands at 605 my and 445 my, previ- 
ously assigned to the cytochrome designated a, belonged to two 
separate cytochromes. They defined as cytochrome a, the cyto- 
chrome which does not combine with cyanide, carbon monoxide, 
or oxygen, whereas the absorption band at 445 my observed by 
Warburg and Negelein (2, 3) was attributed to a newly discovered 
cytochrome, named cytochrome a3, which can react with these 
substances. They postulated that the absorption band at 605 
my was due principally to cytochrome a. In addition, from the 
the facts that cytochrome a; is very auto-oxidizable and combines 
with respiratory inhibitors and that the absorption bands of its 
carbon monoxide compound (a, 590 my and y, 432 my) occupy 
about the same position as the a and y bands in the photochem- 
ical absorption spectrum of yeast (4, 5), they identified it with 
Warburg’s “respiratory enzyme.”’ 

These conclusions have been strongly confirmed by Chance et 
al. (6-10) and absorption spectra of cytochrome oxidase in puri- 
fied and partially purified preparations have been measured spec- 
trophotometrically by many investigators (11-17). However, 
there is no quantitative evidence showing what parts of the two 
bands at 605 my and 445 mu correspond exactly to cytochromes 
a or a3. Recently Lundegirdh (18) calculated the individual 
spectra of the two cytochromes according to his method of op- 
tical subtraction, applied to spectrograms from yeast treated 
with oxygen, nitrogen, carbon monoxide, and cyanide. How- 
ever, his calculations were based upon some unproved assump- 
tions. 

As the spectrum observed in the presence of substrate, cyanide, 
and air is mainly that of cytochrome a (19) in a purified prep- 
aration of cytochrome oxidase (i.e. cytochromes a and a3), it is 
possible to obtain directly the individual spectrum of cytochrome 
a; from a difference spectrum by subtracting that of cytochrome a. 
From the separated spectra, it is then easily measured what frac- 
tions of the two absorption bands at 605 my and 445 my are due 
to contributions from cytochromes a and 43, respectively. 

The present paper deals with the spectral separation of cyto- 
chromes a and a; and the difference spectra of the cyanide and 
carbon monoxide compounds of cytochrome a; as obtained in a 


*In this paper the term “cytochrome oxidase”’ indicates the 
enzyme which catalyzes the oxidation of reduced cytochrome c by 
molecular oxygen and consists of cytochromes a and a; according 
to Keilin and Hartree’s concept (1), although Okunuki e¢ al. (20, 
21), Wainio (13), and others suppose that it consists of a single 
component. 


purified preparation of cytochrome oxidase (20-22) with a 
sensitive split beam recording spectrophotometer (23, 24, 26). 


EXPERIMENTAL 


Preparation of Purified Cytochrome Oxidase—The purified prep- 
aration of cytochrome oxidase is made according to the method 
by Okunuki et al. (20) with some modifications in order to obtain 
the more active preparation. This may be summarized as fol- 
lows: 

(a) homogenization with a Waring Blendor; (6) purification 
without chromatography on an alumina gel column; and (c) sol- 
ubilization of the final preparation with 0.1 m phosphate buffer, 
pH 7.4, containing 1% Emasol 4130 (21, 22). This procedure is 
outlined as shown in Fig. 1. | 

The differences in optical density at 445 mp (AOD4; my) 
and 605 mu (AOD; my) between the reduced and oxidized cyto- 
chrome oxidase in the final preparation are 7.35 and 1.12, respec- 
tively. The concentration of the protein in the final preparation 
is equal to 20.6 mg per ml, determined by the biuret reaction ac- 
cording to the method of Gornall et al. (25) with bovine serum 
albumin as the standard. 

Reagents—Pure carbon monoxide from the Matheson Com- 
pany is used without further purification. Emasol] 4130, a non- 
ionic synthetic detergent from the Kao Soap Company, Tokyo 
(21, 22) is diluted to 1% (volume for volume) with 0.1 m phos- 
phate buffer, pH 7.4. The Emasol + phosphate solution is used 
to dilute the purified preparation for spectrophotometry. 

Measurement of Absolute and Difference Spectra—The absolute 
spectra of the preparations in the oxidized and the reduced forms 
or after the treatment with reagents are obtained with a sensi- 
tive recording spectrophotometer (23, 24, 26), with the buffer in 
the reference cuvette. The difference spectra are measured with 
a suitable preparation in the reference cuvette as shown in Ta- 
ble 1. The final preparation is 15 and 12.5 times diluted with the 
Emasol + phosphate solution for the absolute and difference 
spectrophotometry, respectively, to obtain the suitable optical 
density and optical density increments in the recording charts. 


RESULTS 


Absolute Spectra of Cytochrome Oxidase Preparation 


Effect of Cyanide—The absorption spectrum of the oxidized 
preparation shows the a and y peaks at 600 my and 424 my, re- 
spectively (Curve A in Fig. 2). By an addition of 2 mm sodium 
cyanide, the y peak shifts from 424 my to 426 mu. No shift is 
observed in the visible region (Curve B in Fig. 2). 

The oxidase preparation reduced with sodium dithionite has 
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Washed heart muscle mince (1 kg.) 


Blend 6 min. in 4 liters of m/50 
phosphate buffer, pH 7.4 
Centrifuge ( 2,500 x g, 20 min.) 


Precipitate Supernatant 
Blend 3 min. in 2 liters of 

M/50 phosphate buffer , pH 7.4 
Centrifuge ( 2,500 x g, 20 min. ) 


lll 
Precipitate Supernatant 
( Discard ) 
Acidify to pH 5.6 with 1 ™ acetic acid 
| Centrifuge ( 2,500 x g, 20 min. ) 
Precipitate 
( Discard ) 
Resuspend in 1 liter of distilled water 
Centrifuge ( 2,500 x g, 20 min. ) 
Supernatant prec ipitate 
( Discard ) 
Resuspend in 450 ml. of M/50 phosphate 
buffer, pH 7.4 
Particulate Preparation ( 500 ml. ) 
Add 125 ml. of 10 © sodium cholat2 
Add 90 gr. of solid ammonium sulfate 
( 25 % saturation of amnonium sulfate ) 
Allow to stand at room temperature, 2 hrs. 
Add 41 gr. of solid ammonium sulfate 
( 35 @ saturation of ammonium sulfate ) 
Centrifuge ( 7,000 x g, 20 min. ) 
precipitate Supernatant ( 500 ml. ) 
Discard ) 
Add 50 gr. of solid ammonium sulfate 
( 50 % saturation of ammonium sulfate ) 
Centrifuge ( 7,000 x g, 20 min. ) 
+ 
Supernatant Precipitate 
{ Discard ) 

Dissolve in 200 ml. of M/10 phosphate 
buffer, pH 7.4 containing 2 @ sodium 
cholate 

Add 66 ml. of saturated ammoniun sulfate 
{ 25 &@ saturation of ammonium sulfate ) 

Allow to stand at 0°, overnight 

Centrifuge ( 7,000 x g, 20 min. ) 

Fecipitate Supernatant ( 200 m1.) 
Discard ) 
Add 31 ml. of saturated ammoniun sulfate 
35 G saturation of ammonium sulfate 

Centrifuge ( 7,000 x g, 20 min. ) 

erdeipitete 


(May be used for 
purification of 
cytochrome cj ) 


Dissolve in 100 ml. of ¥/10 phosphate 
buffer, pH 7.4 containing 2 % sodium 
cnolate 

Refractionate 4 more times 


Supernatant Prot ipitate 


( the same as 


the above ) Dissolve in 30 ml. of M/10 phosphate 


buffer, pH 7.4 containing 1 @ 
Emasol 4130 


Cytochrome oxidase preparation ( 30 ml. ) 

Fic. 1. Procedure for purification of cytochrome oxidase. The 
preparation of cytochrome oxidase was made from a fresh 
beef heart according to a slight modification of the method of 
Okunuki et al. (20) for cytochrome a. Through the procedure the 


temperature was kept below 5° and the pH of the preparation at 
7.4 with 3 sn NH,OH. 


the a and y peaks at 605 my and 445 my, respectively (Curve D 
in Fig. 2). In addition, a very small but distinct peak is observed 
at 515 my. The ratios of the y and @ to a peaks are 5.6 and 0.5, 
respectively. By the addition of 2 mm sodium cyanide to the 
dithionite-reduced preparation, the y peak decreases its optical 
density slightly without a shift in its position, and the @ peak 
shifts from 605 my to 600 my (Curve E in Fig. 2). 

In 30 seconds after the addition of 5 mm p-phenylenediamine 
and 10 mM sodium ascorbate to the oxidized preparation previ- 
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TABLE I 


Procedure for difference spectra of cytochromes a and a; 


The cuvette contents of both samples and references were pre- 
pared according to the procedure in Fig. 5. 


CUVETTE CONTENTS 
(E) (A) a3-CN — a3 
(Fg) 
2 (Fp) (E) a a 
(Bo) (Fp) 93 93 
(Bg) ry) oe 
4 (Bp) (A) a+ a +03 
5 (Ca) (Ba) a,-CN — a, 
(Dp) (Bp) °3 °3 
7 (Ca) (Fa) o;-CN — 


*) In this case,a,CN is treated as az. 


( ) 


DENSITY 


OPTICAL 


an 


500 550 600 
WAVELENGTH (my ) 


400 450 


Fic. 2. Effect of sodium cyanide on absolute spectra of cyto- 
chrome oxidase. Curve A, the oxidized preparation; Curve B, 2 
mM sodium cyanide; Curve C, 5 mm p-phenylenediamine and 10 
mM sodium ascorbate after addition of 2 mM cyanide; Curve D, so- 
dium dithionite; Curve E, 2 mm sodium cyanide after reduction 
with sodium dithionite. The preparation was diluted with 0.1 m 
phosphate buffer, pH 7.4 containing 1% Emasol 4130. The inset 
of a visible region was recorded by 5 times higher sensitivity. 


ously treated with 2 mm sodium cyanide, about 80% of the a 
peak at 605 my is reduced, and the y peak at 426 changes to a 
broad peak with its maximum between 428 my and 445 mu (Curve 
C in Fig. 2). This will be discussed later. 

Effect of Carbon Monoxide—By bubbling a fine stream of car- 
bon monoxide gas through the dithionite-reduced preparation, 
the y peak at 445 my shifts to 430 muy, the a peak shifts toward 
the blue in its position, and a small peak appears around 540 mu 
to 550 mu, which can be observed only at a high magnification 
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(Curve C in Fig. 3). The 8 peak at 515 mp does not change by 
the treatments with cyanide and carbon monoxide. 


Difference Spectra of Cytochrome Oxidase Preparation 


The following three difference spectra are measured with the 
oxidized preparation in the reference cuvette. The reduced, re- 
duced-cyanide, and reduced-carbon monoxide preparations are 
made as described previously. Peaks in a difference spectrum 
indicate extra absorption in the sample and a trough indicates 
extra absorption in the reference cuvette. 

Difference Spectrum (Reduced) Minus (Oxidized)—The spec- 
trum shows the y and a peaks at 445 my and 605 my, respectively. 
The ratio of the y to a peaks is about 6.6 (Curve A in Fig. 4). 
The small 8 peak is observed below the base-line at 515 mu. 

Difference Spectrum (Reduced-Cyanide) Minus (Oxidized)—The 
spectrum shows slight decrease in the optical density increment 
at 445 my and a shift of the a peak toward the blue (Curve B in 
Fig. 4). 

Difference Spectrum (Reduced-Carbon Monoxide) Minus (Oxi- 
dized)—The peak at 445 my decreases about a half of its optical 
density increment and the @ peak shifts toward the blue (Curve C 
in Fig. 4). However, no clear peak at 430 my due to the carbon 
monoxide compound of cytochrome oxidase is observed, but only 
a small increase in the optical density increment occurs around 
430 my, because the peak at 430 my is masked by the predom- 
inant peak at 445 my which is resistant to the carbon monoxide 
treatment. 


Spectrophotometric Separation of Cytochromes a and a3 


According to Keilin and Hartree’s concept (1), the preparation 
of cytochrome oxidase contains cytochromes a and a3, and the 
part of the peak at 445 my resistant to the carbon monoxide treat- 
ment should be attributed to cytochrome a (Curve C in Fig. 4). 
Without the subtraction of the spectrum of cytochrome a, there- 
fore, the spectrum of the carbon monoxide compound of cyto- 
chrome 4; is not clearly observed. 

Experiments to obtain the individual spectrum of cytochrome 
a3; have been done by few investigators (6, 11, 12). Ball and 
Cooper (12) obtained a difference spectrum of cytochrome a; with 


the use of the difference spectra between the reduced preparation — 


and the oxidized preparation treated with cyanide and correct- 
ing them for the effect of cyanide upon the oxidized preparation. 
Ball et al. (11) and Chance (6) showed a difference spectrum of 
cytochrome a3 with the use of the difference spectra between the 
reduced preparation treated with carbon monoxide and the re- 
duced preparation. 

The same idea is applied more systematically to the purified 
preparation of cytochrome oxidase to separate the individual 
spectra of cytochromes a and a; from each other. Keilin and 
Hartree (1) indicated that cytochrome a3 combines both in the 
divalent and the trivalent state with cyanide, forming two dis- 
tinct compounds. The former compound is unstable and easily 
undergoes auto-oxidation to a trivalent a3-CN compound. In 
the trivalent state cytochrome a; has a very great affinity for cy- 
anide. The trivalent a3-CN compound cannot be easily reduced. 
Cytochrome a3 combines with carbon monoxide in the divalent 
state. Cytochrome a does not combine with cyanide and carbon 
monoxide. 

The possible reactions of cytochromes a and a; with cyanide 


T. Yonetant 


OPTICAL DENSITY INCREMENT ( cm-' ) 


DENSITY ( cm-) 


OPTICAL 


400 450 500 550 600 
WAVELENGTH ( mp ) 

Fig. 3. Effect of carbon monoxide on absolute spectra of cyto- 
chrome oxidase. Curve A, the oxidized preparation; Curve B, 
sodium dithionite; Curve C, carbon monoxide after reduction with 
sodium dithionite. The experimental conditions were the same 
as shown in Fig. 2. A fine stream of carbon monoxide was passed 
through the dithionite-reduced preparation for 1 minute. 


+ 06 


+*O.5 + 


450 500 550 600 
WAVELENGTH (my ) 


Fig. 4. Difference spectra (1), effect of cyanide and carbon 
monoxide on difference spectra of cytochrome oxidase. Curve A, 
the reduced minus the oxidized; Curve B, the reduced-cyanide 
minus the oxidized; Curve C, the reduced-carbon monoxide minus 
the oxidized. 


and carbon monoxide and reducing agents are schematically de- 
scribed as shown in Fig. 5.! 

Two different reducing agents are used in the following exper- 
iments, dithionite and a mixture of p-phenylenediamine and 
ascorbate (14). Dithionite can not only reduce the preparation, 
but also remove the oxygen from solution. Therefore the ad- 
dition of dithionite makes the solution anaerobic and the oxidase 
is completely reduced. On the other hand, p-pheylenediamine- 
ascorate can reduce the oxidase, but cannot remove the oxygen 
directly. Therefore with these reagents, as long as the oxygen 


1 The abbreviations used are: oxidized cytochrome a, a’’’; oxi- 
dized cytochrome a;, a;’’’; the cyanide compound of oxidized 
cytochrome a;, a;’’’-CN; reduced cytochrome a, a’’; reduced cyto- 
chrome a;, a;’’; the cyanide compound of reduced cytochrome 
a3, a3;’’"-CN; the carbon monoxide compound of reduced cyto- 
chrome a;’’-CO. 
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Fic. 5. Diagram of the reaction of cytochrome oxidase with 
cyanide and carbon monoxide. cf. ppd.-asc.; 5mm p-phenylenedi- 
amine plus 10 mM ascorbate. 


is present, the oxidase can apparently still be oxidized by oxygen. 
The oxidase can be reduced only after a steady state for several 
minutes until the oxygen is exhausted by the catalytic action of 
the oxidase itself (14). 

Preparation A + a;'’")—The oxidized preparation contains 
some amount of dissolved oxygen, 1.e. aerobic. 

Preparation E (a’” + a;'’-CN)—The addition of cyanide to 
the oxidized preparation (A) produces Preparation E (a’” + a;’”’- 
CN), which still contains the dissolved oxygen, t.e. aerobic. 

Preparation Fp. (a’’ + a;'"-CN)—If p-phenylenediamine- 
ascorbate is added to Preparation E, the preparation changes to 
Preparation Fp. (a’’ + a;’’’-CN), because these reducing agents 
reduce a’” but cannot reduce a;’"’-CN toa;’’-CN in the pres- 
ence of cyanide and air (1, 12,19). The dissolved oxygen is not 
utilized by the oxidase in the presence of cyanide, and therefore 
the solution is still aerobic. 

Preparation Fd. (a"’ + a3'’"-CN)—By the addition of dithionite, 
Preparation E changes to Preparation Fd. (a’’ + a;’’’-CN), in 
which the dissolved oxygen is removed by dithionite, otherwise, 
the solution becomes anaerobic. However, the absorption spec- 
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Fic. 6. Difference spectra (2), separation of cytochromes a and 
a;. Curve A, a;’"-CN minus a,’ (Experiment 1, in Table I); 
Curve B, a’’ minus a’”’ (Experiment 2); Curve C, the reduced minus 
the oxidized (Experiment 4); Curve D, (a direct recording trace 
without the correction of the effect of cyanide (cf. text)), a;’’ 
minus a,’’’ (Experiment 3). 
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trum of Preparation Fd. is practically identical with that of Prep- 
aration F'p., which is obtained under an aerobic condition. This 
fact plus the results of the low temperature experiments, which 
will be presented later, provides evidence that a3’’"-CN cannot 
be reduced to a3’’-CN even when treated with dithionite in the 
absence of oxygen. 

Preparation Bd. (a’” + a3’’)—The addition of dithionite to Prep- 
aration A produces the reduced preparation (Bd.) (a” + a;’’), 
which is anaerobic, because the oxygen in the solution has been 
removed by dithionite. 

Preparation Bp. (a’"’ + a;’’)—Preparation A can be reduced 
with p-phenylenediamine-ascorbate after a steady state for sev- 
eral minutes until the solution becomes anaerobic by the action 
of the oxidase itself. The resulting preparation (Bp.) (a’’ + a;’’) 
is spectrophotometrically identical with the dithionite-reduced 
preparation (Bd.). 

Preparations Dd. and Dp. (a’’ + a;’’-CO)—By bubbling a fine 
stream of carbon monoxide gas through the reduced preparations 
(Bd.) and (Bp.) for about 1 minute, Preparations Dd. and Dp. 
are obtained, respectively (1,6, 11). Both preparations are iden- 
tical with each other. 

Preparation Cd. (a + a;3'’-CN)—By the addition of cyanide, 
the dithionite-reduced preparation (Bd.) changes to Preparation 
Cd. (a” + a;’’-CN) (1). A trace amount of oxygen introduced 
with the cyanide solution is immediately removed by the excess 
dithionite in Preparation Bd. and therefore Preparation Cd. is 
practically anaerobic. 

On the other hand, by treatment with unite, the p- 
phenylenediamine-ascorbate-reduced preparation (Bp.) cannot 
change to a preparation identical with Preparation Cd. (a”’ 
a3’-CN), because the oxygen introduced with the added solution 
of cyanide causes a partial oxidation of the preparation, and the 
remaining oxygen cannot be utilized by the oxidase in the 
presence of cyanide. Therefore the solution becomes partially 
aerobic. The absorption spectrum of the resulting preparation 
resembles somewhat Preparation Fd. or Fp. It is impossible to 
change Preparation Bp. to a preparation identical with Prepara- 
tion Cd. (a’” + a3’’-CN) without a device to add cyanide strictly 
anaerobically. 

The letters d. and p. in Bd., Bp., and so forth represent the 
dithionite and p-phenylenediamine-ascorbate-reduced prepara- 
tions, respectively. 

By measuring the difference spectra for these preparations, 
the components which are contained in both the reference and 
the sample cuvettes are substracted from each other as shown 
in Table I. The absorption spectra of Preparations Bd., Dd., 
and Fd. are identical with those of Preparations Bp., Dp., 
and Fp., respectively, as mentioned before. It is, however, 
preferable to choose a pair of preparations with the same sub- 
scripts in Experiments 3, 6, and 8 in Table I, to use similar 
experimental conditions as far as possible. 

Difference Spectrum, (a3’""-CN) minus (a3’"")—In Experiment 
1, a’” is subtracted and the resulting spectrum show the differ- 
ence between a;’”-CN and a;’” (Curve A in Fig. 6). A small 
increase around 430 my and a decrease around 400 my in the 
optical density are observed. The optical density increment at 
445 my is so small that a;’’-CN can be treated as a;’” in the 
difference spectra. Therefore, in Experiments 3 and 8, a;’’’-CN 
is treated as a,’ without an additional correction for the effect 
of cyanide. 

Difference Spectrum, (a’’) minus (a’’’)—Experiment 2. sub- 
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tracts a3’’’-CN so that the reduced minus the oxidized differ- 
ence spectrum of cytochrome a is obtained (Curve B in Fig. 6). 
The spectrum shows the y and a@ peaks at 445 my and 605 my, 
respectively. The ratio of the y to a peaks is 4.5. The 8 peak 
is observed below the base-line at 515 mu. 

Difference Spectrum, (a3'’) minus (a3’’’)—As a” is subtracted 
in Experiment 3, the difference spectrum shows the reduced 
minus oxidized difference spectrum of cytochrome a3, which 
shows the y and @ peaks at 444 my and 605 muy, respectively. 
The ratio of the y to a peaks is 13 (Curve D in Fig. 6). 

Difference Spectrum, (a’’ + a;3’’) minus (a’” + a3’’’)—The 
difference spectrum in Experiment 4 is the same spectrum pre- 
viously described as a difference spectrum (reduced) minus 
(oxidized) of the cytochrome oxidase preparation (Curve A in 
Fig. 4 and Curve C in Fig. 6). 

Experiments 5, 6, 7, and 8 show the effect of cyanide and 
carbon monoxide on the separated spectra of cytochrome a3, in 
which a” is subtracted. 

Difference Spectrum, (a3’’-CN) minus (a3'’’-CN)—In Experi- 
ment 7, the y peak at 444 my decreases its optical density with- 
out a shift in the position while the @ peak shifts clearly from 
605 my to 590 my (Curve B in Fig. 7) compared with those of 
the difference spectrum in Experiment 3. 

Difference Spectrum, (a3’’-CN) minus (a3’’)—Experiment 5 
shows the effect of cyanide upon a3”. The @ peak at 590 my 
due to a3’’-CN is observed. There is a small decrease in the 
optical density due to the effect of cyanide upon the y peak 
(Curve C in Fig. 7). The peak at 426 my to 434 my for the 
cyanide compound of reduced oxidase reported by Wainio (Fig. 
5 of (13)) is not observed in this experiment). 

Difference Spectrum, (a3’""-CO) minus (a3’"")—In Experiment 
8 the difference spectrum, (a3’’-CO) minus (a3’’’) is clearly ob- 
served without masking the effect of a’’; the y and a peaks appear 
at 430 mu and 590 my, respectively. In addition, a new £8 
peak appears at 545 my (Curve B in Fig. 8). 

Difference Spectrum, (a3'’-CO) minus (a;'’)—The effect of 
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Fig. 7. Difference spectra (3), cytochrome a; and its cyanide 
compound. Curve A (a direct recording trace without the correc- 
tion of the effect of cyanide (cf. text)), a3’ minus a;’"’ (Experi- 
ment 3 in Table I); Curve B, a;’’-CN minus a;’"’"-CN (Experiment 
7); Curve C, a3’’-CN minus a;’’ (Experiment 5). 
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Fig. 8. Difference spectra (4), cytochrome a; and its carbon 
monoxide compound. Curve A (a direct recording trace without 
the correction of the effect of cyanide (cf. text)), a3;’’ minus a;’”’ 
(Experiment 3 in Table I); Curve B, a;’’-CO minus a;’’’ (Experi- 
ment 8). The spectra of the visible region (inset) were recorded 
by 5 times higher sensitivity. 
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Fig. 9. Difference spectra (5), a;”-CO minus a;. The dotted 


line in the visible region was recorded by 10 times higher sensitiv- 
ity than the solid line (cf. Experiment 6 in Table I). 


carbon monoxide upon a;” is shown in Experiment 6. The 
peaks above and below the base-line are attributed to a;’’-CO 
and a3”, respectively (Fig. 9). The difference spectrum has 
maxima for a3;’’-CO at 430 my, 545 my, and 590 my, and maxima 
for a3’’ at 444 my and 605 mu. 

Correction of Cyanide Effect in Difference Spectra, (a;'’-CO) 
minus (a;’’)—As mentioned above in Experiments 3 and 8, 
a;’’-CN has been treated as a;’” because of a relatively small 
effect of cyanide at 445 my. In a quantitative caiculation, 
however, the effect of cyanide has to be corrected exactly. The 
correction is carried out by the following method (cf. Fig. 10). 

To be exact, Curves A and B in Fig. 10, recorded by Experi- 
ments 3 and 8, express the difference spectra, (a3"") — (a3’"-CN) 
and (a3"’-CO) — (a3’""-CN), although they have been treated as 
(as’’) — and (a3’’-CO) — (a;3’""), respectively (Fig. 8). By 
a reverse of Experiment 1, ¢.e. by placing Preparations A and E 
in the sample and reference cuvettes, respectively, a difference 
spectrum, (a3""") — (a3’”-CN) is obtained (Curve C in Fig. 10-1). 
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Fic. 10. Correction of the cyanide effect in difference spectra 
of cytochrome a; and its carbon monoxide compound. 1, direct 
recording traces without the correction of the effect of cyanide 
(a Soret region in Fig. 8); and 2, corrected drawing traces. Curve 
A, a;’’ minus a;’’’"-CN; Curve B, a3’’-CO minus a;’’’-CN; Curve C, 
a;’’’ minus a;’’’-CN; Curve A’, a3’’ minus a;’"’; Curve B’, a;’’-CO 
minus a;’’’; and Curve C’, the base-line (a;’’’) (cf. text). 


TABLE II 
Peaks of cytochromes a and a; 
BAND POS!TION| BAND HEIGHT BAND 
(my) (OE) RAT 10 
“1S ly | wer 

4 |d+0,/445 | 515 | 605 | 590 090] 6.6/1 
| |445| 515 | 605| 290] -"| 065] 45/1 
3 0, |444| — | 605 326 — | 025| 13/1 
7 a3-CN | 590/230/ | 037] 62/1 

2) 
8 545] 590] 190] 010) 027) 7/04/1 


1) The value is not measurable, because the 
) peak appears below the base line. 


2) The value has been corrected for the effect 
of cyanide in the reference cuvette 


TABLE III 


Relative contributions of cytochromes a and a; 


The oxidized form of the components is taken as the reference 
for the baseline in each case. 


PERCENTAGE CONTRIBUTION 
CONTENTS Y PEAK PEA 
at 444myp | at 445myp | at 
a + a, 100 100 100 
a 46 49 72 
54 51 28 
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The difference between Curves A, B, and C is equal to: 
(A) — (C) = [(as”) — 
— — (a3’"-CN)] = (as’’) — (a;'"), 
and 
(B) — (C) = [(as"-CO) — (a;’”-CN)] 
— [(a3'"") — (a3"’"-CN)] = — (a;’”). 


Therefore difference spectra (a3’’) — (a3’’’) and (a;’’-CO) 
(a3’’’) are easily obtained by replotting Curves A and B with 
Curve C as the base-line. Curves A, B, and C in Fig. 10-/ are 
converted to Curves A’, B’, and C” in Fig. 10-2 by a drawing 
technique, from which the precise values of heights of a3” and 
a3’-CO can be calculated (cf. Table II). 

Peaks of a” + a3", a’, as’’-CN, and a;’’-CO—The posi- 
tion, height, and ratio of the peaks due to a’’ + a;’’, a”, a3”, 
a3’’-CN, and a;’’-CO are summarized in Table II. The values 
for a3’’ and a3’’-CO have been corrected for the effect of cyanide 
in the reference cuvette with the result of Experiment 1 in 
Table I. (cf. Fig. 10). 

The relative contributions of cytochromes a and a; to the 
optical density increments at the y and a peaks are summarized 
in Table III. 

Low Temperature Spectra—In addition to the results of Keilin 
and Hartree (1) and of Ball and Cooper (12) and those so far 
presented in this paper (Curves C and E in Fig. 2, Curve B in 
Fig. 4, and Curve B in Fig. 6), the following low temperature 
experiments provide additional evidence that cytochrome a; can- 
not be easily reduced in the presence of cyanide (Fig. 11). 
Spectra were measured at a liquid nitrogen temperature accord- 
ing to the method of Estabrook (28) as modified by Bonner.? 
A low temperature spectrum of cytochromes a and a3 reduced 
with dithionite shows the a peak at 602 my (optical density in- 
crements; 0.100, 570 my was used as a reference wave length) 
(Curve A in Fig. 11). The addition of cyanide to the dithionite- 
reduced preparation causes a partial disappearance of the a peak 
at 602 mu (optical density increment; 0.085) and an appearance 
of a new shoulder at 590 my (cf. the arrow in Fig. 11, Curve 
B), which indicate a disappearance of a;3’’ and an appearance 
of a;’’-CN, respectively (1). On the other hand, a spectrum of 
the same preparation reduced with dithionite after the addition 
of cyanide shows only the peak at 602 my (optical density incre- 
ment; 0.084), which is attributed to a’, while no shoulder 
at 590 my (a;’’-CN) is observed. The spectrum of the Soret 
region resembles the results of Curves A, B, and C in Fig. 2. 
These results support the above mentioned conclusions. 


DISCUSSION 


Since the spectroscopic observations reported by Keilin and 
Hartree, it has been generally accepted that most of the y band at 
444 to 445 my, observed by them at 448 my, is attributed to 
a3’, and the 7 band of a” is located at 452 my (1, 18). How- 
ever, no direct evidence supporting the above opinion has been 


2 This modification includes the employment of a new type of 
reaction cell permitting the more accurate measurement of differ- 
ence spectra and circumventing the requirement for glycerol. 
This method was described in greater detail by W. D. Bonner in 
the Proceedings of the Haematin Enzyme Symposium, Canberra, 
Australia, September 1959, to be published by Pergamon Press. 
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reported in the many spectrophotometric investigations of 
purified and partially purified preparations of cytochrome 
oxidase (11-17). Lundeg&ardh (18) observed that only 44 and 
58% of a3’ react with carbon monoxide and cyanide, respec- 
tively, under such conditions that the respiration is almost 
completely inhibited with these reagents. These unreason- 
able observations are based upon the general concept that 
most of the y band at 445 my is due to a;’, the component 
sensitive to carbon monoxide and cyanide. These phenomena 
are well explained as follows: the fractions at 445 my resistant 
to carbon monoxide and cyanide treatments observed by Lunde- 
gardh should not be attributed to a3”, but to a’, the component 
insensitive to these reagents, because about half of the band at 
445 my is due to a”, as proved by the results in this paper. 

Wainio (13) and Okunuki et al. (17, 20) reported cytochrome 
oxidase to consist of a single component because they had been 
unable to separate cytochrome oxidase into two components by 
ultracentrifugation, by the serial addition of sodium deoxycholate, 
by electrophoresis, by chromatography on alumina gel, or by re- 
peated fractionations with ammonium sulfate. The preparation 
used in this paper has also never been separated into two com- 
ponents by any such treatment, although in the difference spectra 
it is clearly separated into cytochromes a and a3, the com- 
ponents insensitive and sensitive to cyanide and carbon monox- 
ide, respectively. Therefore, it may be supposed that cyto- 
chromes a and a; are both located on the same material, but 
cannot yet be actually separated, in spite of their differences in 
functions, or that the properties assigned to cytochrome a3 are 
attributed to those of some hemes in a polymeric molecule (13, 
27). 

The difference spectrum (a3’’-CO) minus (a3’"’) has maxima 
at 430 my, 545 my, and 590 mu, the positions and the relative 
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Fig. 11. Effect of cyanide added after and before reduction on 
the low temperature spectra of cytochromes a and a;. Spectra 
were measured at a liquid nitrogen temperature according to the 
method of Estabrook as modified by Bonner (cf. text). The 
preparation was diluted with the Emasol + phosphate buffer. 
The Emasol + phosphate buffer was used as a reference. Curve 
A, reduced with dithionite; Curve B, added 2 mm cyanide after 


reduction; Curve C, reduced with dithionite after an addition of 


2mm cyanide. (The cooperation of Dr. Ronald W. Estabrook in 
measuring the low temperature spectra is appreciated.) 
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Fig. 12. Effect of carbon monoxide, cyanide, and various reducing agents on heart muscle preparation. 


1, reduced with 


dithionite; 2, reduced with 10 mm succinate; 8, reduced with 5 mm p-phenylenediamine plus 10 mm ascorbate. The base-line 


represents the oxidized preparation. 


with carbon monoxide after reduction. ' 


Curves A, reduced; Curves B, reduced after an addition of 2 mm cyanide; Curves C, treated 
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ratio of the heights of which are essentially identical with those 
of the photochemical action spectra of the “‘respiratory enzyme” 
(3, 4, 9, 27). Im addition, the difference spectrum (a;’’-CO) 
minus (a;’’) is identical not only with the photodissociation 
spectra of yeast and a heart muscle preparation (7), but also 
with that of the same purified preparation of cytochrome 
oxidase used in this paper (29). Therefore, cytochrome a3 has 
the very properties assigned to the “respiratory enzyme” and 
is strongly identical with the latter. 

Although Chance observed that carbon monoxide shifts the 
peak at 445 my to 430 muy in the difference spectrum (reduced- 
CO) minus (oxidized) of heart muscle preparation (Fig. 6 of 
(7)), carbon monoxide does not cause an appearance of the peak 
at 430 my (a;’’-CO) in the difference spectrum (reduced-CO) 
minus (oxidized) of the purified preparation (Curve C in Fig. 4). 
On the other hand, both preparations show a 430 my peak in 
the difference spectrum (a3’-CO) minus (a;’’). This discrep- 
ancy is explained by the following experiments (Fig. 12). A 
heart muscle preparation (cf. the “particulate preparation” of 
Fig. 1) reduced with dithionite or succinate, which can reduce 
cytochrome 6 (the y peak at 430 my), shows the peak at 430 
my Clearly (Curves C in Fig. 12-1 and -2) by the carbon mon- 
oxide treatment, whereas the same preparation reduced with 
p-phenylenediamine plus ascorbate, which do not reduce 
cytochrome b, does not show the peak at 430 my by the carbon 
monoxide treatment (Curves C in Fig. 12-3) but instead shows a 
shoulder at 430 my. Therefore, the peak at 430 my observed 
by Chance (7) is not attributed to a3’’-CO alone, but to a;3’’-CO 
with an additional effect of cytochrome b, and the peak at 430 mu 
is not observed in the purified preparation (Curve C in Fig. 4) 
because of no additional effect of cytochrome b. 

As shown by Curves B in Fig. 12, some fraction of the peak at 
445 mu cannot be reduced with various reducing agents in the 
presence of cyanide, even if dithionite is used, in a heart muscle 
preparation as well as in the purified preparation (Curves B in 
Fig. 6). However, the percentage contribution of a3’’ which is 
not reducible in the presence of cyanide (1) to the y peak of 
a” and a;’’ at 445 my is somewhat higher in the heart muscle 
preparation (60 to 65%) than in the purified preparation (about 
50%, in Table III). As these values are far less than one which 
has been supposed since Keilin and Hartree (1), the molecular 
extinction coefficient of a;’’ (444 my) computed by Chance 
(6, 8) should be re-examined since, in his computation, AOD45myu 
was treated as instead of AOD 

If heart muscle preparation reduced with succinate (Curve A 
in Fig. 12-2) or p-phenylenediamine plus ascorbate (Curve A in 
Fig. 12-3) is treated with cyanide and then mixed with air, the 
same spectrum is obtained as Curve B in Fig. 12-2 or -3, respec- 
tively. This result indicates a change of a3’’-CN to a;’’’-CN or 
supports the Keilin and Hartree conclusion that a;’’-CN is 
auto-oxidizable (1). Therefore the formation of a3;’’’-CN, which 
cannot accept electrons from the cytochrome chain, may be 
one of the main inhibition mechanisms of cyanide for cytochrome 
oxidase although there are still some problems to be considered, 
as pointed out by Chance (30). 


SUMMARY 


1. A purified preparation of cytochrome oxidase is made 
according to a modification of the method of Okunuki e¢ al. 
(16, 20). 

2. The absorption spectra of the preparation treated with 
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cyanide, carbon monoxide, and reducing agents are essentially 
in agreement with those of others (13, 16, 17). 

3. The possible reactions of cytochromes a and a; with cya- 
nide, carbon monoxide, and reducing agents have been con- 
sidered, which are adapted to the measurement of difference spec- 
tra of cytochromes a and a3. 

4. Cytochromes a and a; are spectrophotometrically separated 
from each other in the difference spectra, the results of which 
prove that about half of the peak at 445 muy in the difference 
spectrum of cytochromes a and 4a; is attributed to a’’, while the 
other half is attributed to a3’’. 

5. The separated spectrum of a;’’-CN shows clear maxima 
at 444 my and 590 mu. 

6. The separated spectra of a3’’-CO show maxima at 430 muy, 
545 my, and 590 mu, which are almost identical with those of 
the photochemical action spectra of the carbon monoxide com- 
pound of “respiratory enzyme”’ (4, 5, 9, 10, 27). 

7. The relation between cytochrome oxigase and cytochromes 
a and 4; is discussed. 
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Earlier studies in this laboratory (3) had established that the 
metabolism of sarcosine in liver mitochondria proceeds quan- 
titatively as described by the following over-all reaction, where 
the superscripts represent identical specific activities of C’*: 


H,C—NH—CH,—COOH + 0 —> 
* + * + 
+ H.N—CH.—COOH + HOCH:—CHNH;—COOH 


In subsequent experiments sarcosine containing 100 atom % 


D in the methyl group was employed and the results demon- 
strated that the 1l-carbon moiety involved in the conversion 
of the methyl group to the B-carbon of serine possesses the 
oxidation level of formaldehyde (4). In the course of these 
latter experiments we observed that the initial rate of oxidation 
of the sarcosine was markedly depressed when D was substituted 
for H in the methyl] group. 

In a preliminary report from this laboratory (1) we pointed 
out that changes in both the maximal velocity and in the binding 
of sarcosine contributed to the isotope effect. Erlenmeyer et 
al. (5) and Thorn (6) had already described a reduction in the 
rate of oxidation of partially deuterated succinate and Mahler 
and Douglas (7) subsequently reported, in a preliminary note, 
an effect of D on the binding of diphosphopyridine nucleotide 
to lactic acid dehydrogenase and on its subsequent dehydro- 
genation. With respect to hydrolytic enzyme activity Bon- 
hoeffer and Salzer (8, 9) observed an effect of D.O on the binding 
and hydrolysis of glucosides. 

In the experiments with sarcosine to be described here we 
were able for the first time to employ a completely deuterated 
substrate and were also able to measure the rate of product 
formation by direct chemical analysis. Furthermore, the sar- 
cosine system offered a unique advantage in that it was possible 
to study the effect of D on a dehydrogenation reaction, —CD; — 
CD.O, and ona synthetic reaction, ‘‘active CD.0” + glycine — 
serine-CD,OH, proceeding concurrently in the same system. 


RESULTS AND DISCUSSION 


Rates of Oxidation of Deutero and Protium Sarcosines—When 
sarcosine-CD3 was incubated with mitochondria at a level suf- 
ficient to saturate the sarcosine dehydrogenase, its initial rate 
of oxidation was found to be only two-thirds that of sarcosine- 
CH;. As shown in Table I, this difference in rates was the same 


* Supported by Grant No. A-969(C-6), National Institutes of 
Health, United States Public Health Service. Preliminary ab- 
stracts of this paper have been published (1, 2). 

t Present address, Department of Chemistry, Ohio State Uni- 
versity, Columbus, Ohio. 


for both oxygen uptake and the rate of CD.O production. At 
the same time, however, it was observed that the percentage of 
serine produced was not affected significantly by the substitution 
of D for H in the sarcosine methyl group. It could be con- 
cluded, therefore, that the major effect of deuterium in this 
system is on the oxidative demethylation which entails breaking 
a C—D bond, rather than on the C—C bonding reaction whereby 
serine is synthesized.! 

Because “saturation” quantities of the sarcosine-CD; and 
sarcosine-CH3; were employed in these experiments, there was 
no need to account for the kinetics of initial interaction between 
enzyme and substrate, and the observed difference in the rates 
of oxidation are directly related to the difference in zero point 
vibrational energies of the C—H and C—D bonds (11). Since 
this energy is greater for the C—H bond than for the C—D, 
the activation energy is lower for the rupture of the C—H bond. 

Isotope Effect on Binding of Sarcosine to Enzyme—It was now 
pertinent to determine whether the substitution of D for H 
also affected the binding of the sarcosine to the enzyme. ‘The 
“Michaelis constants” (12, 13) for both the D and H substrates 
were therefore determined as described in Fig. 1. The- constant 
for sarcosine-CD3; was found to be twice as great as for the H 
species and could be taken to mean that the sarcosine-CD; is 
bound less tightly to the enzyme than sarcosine-CH;. Further 
evidence for a difference in binding of these species was sought 
by studying the kinetics of oxidation of the D and H sarcosines 
in the presence of methoxyacetate, a substrate-competitive in- 
hibitor of sarcosine oxidation (14). As shown in Table II, this 
inhibitor exerted a far greater effect toward sarcosine-CD; than 
toward the CHs;-substrate, a result which would be expected if 
the D sarcosine is bound less tightly by the enzyme than the 
H species. 

Our experiments with sarcosine completely deuterated in its 
methyl group demonstrated, therefore, that at least two factors 
are responsible for the isotope effect observed in its oxidation 
and that both must be reckoned with whenever hydrogen isotopes 
are employed in enzymatic reactions. That is to say, isotopic 
selection in a biological system can arise not only from the 
innate difference in reactivity of C—D and C—H bonds, but 
also from the ability of an enzyme to discriminate between deu- 
terium and protium substrates in the initial binding reaction. 

_ Isotopic Selection in Oxidation of Mixtures of Sarcosine-CD; 
and Sarcosine-CH;—The isotopic selection which the dehydro- 


1 An isotope effect of the same magnitude also was observed 
when the sarcosine-CD; was subjected to oxidation by a purified 
sarcosine dehydrogenase, solubilized from rat liver mitochondria 
(10). 
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TABLE I max 
Mitochondrial oxidation of deutero sarcosine 
Ten umoles of sarcosine were incubated with mitochondria pre- 100% 100% 
pared from 0.5 g of rat liver in a total volume of 2.4 ml of 0.075 m 
potassium phosphate buffer (0.0001 m in Mg**), pH 7.8, in air at 75% 75% Thu 
37°. the 
Sarcosi Ti CH:O Seri CHO + | Seri 90% 50% 
cosine ime rine serine rine in g 
2 a 
min patoms pmoles pmoles pmoles % 
CH; 30 2.4 1.8 1.2 3.0 40 25% 25% air 
CD; 30 1.6 1.2 0.8 2.0 | 40 | su 
CH; 60 5.1 3.2 3.0 6.2 | 48 T 
CD; 60 3.4 2.0 2.2 4.2 | 52 how 
(a) (b) (c) bioc 
em} 
Fic. 2. The enzymatic production of protium and deutero for- its « 
T I | maldehyde in the oxidative demethylation of an equimolar mix- | 
ture of sarcosine-C'*H; and sarcosine-CD;. Ten yumoles of each ver 
0.05- % species were incubated with the mitochondria from 0.5 g of rat of | 
, liver in the presence of semicarbazide. Formaldehyde was iso- of t 
lated as the dimedon derivative. Bar (a) shows the percentages tha 
0.04- O-SARCOSINE _ of C'4H20 and that would be produced in the complete ab- 
3.0x10-M/I. sence of an isotope effect in the oxidation of sarcosine-CD;. Bar 
— “d (b) shows the percentages of C!4H,O and CD,O that would be pro- exp 
0.03 a at a duced if deuterium affected only the maximal velocity. Bar (c) stra 
shows the experimentally observed percentage of C'4H2O and leve 
let CD.O formed from the mixture of protium and deutero sarcosines I 
a aa during the period of maximal velocity. | 
° -3 
Kyel.4 x10 or § 
0.01F od dehyde. Determination of the ratio of C to C” in the isolated in 
formaldehyde thus provided a direct measure of the quantities D 
of sarcosine-C'4H; and sarcosine-CD3 which had been oxidized the 
0.10 0.20 0.30 during any given period. the 
| In the first experiment to be described, an equimolar mixture me! 
[SARCOSINE] of the two substrates was employed. The concentration of ficu 
Fic. 1. Michaelis-Menten constants for protium and deutero either species alone was sufficient to saturate the enzyme. Bar des 
sarcosines. Various levels of sarcosine incubated with mitochon- graph (a), Fig. 2, shows the products which would be obtained Ra 
dria in “y as described in — I. be = ‘ of Oz: per15min- jn the complete absence of an isotope effect. Bar graph (b) I 
utes; and fenteosinn] = emotes por 3.4 ml. shows the composition of the reaction products which would rigt 
be obtained if the D sarcosine were oxidized only two-thirds as iso 
TaBLe II fast as the H sarcosine, as was found to be the case when the two stri 
Inhibition by methoxyacetate of mitochondrial oxidation of deutero substrates were incubated separately with the mitochondria the 
and protium sarcosines (Table I). Bar graph (c) shows the isotope composition of the be 
Ten wmoles of each sarcosine species and 15 wmoles of methoxy- formaldehyde which was actually isolated from the reaction mix- 
acetate employed as described in Table I. ture. It will be seen that its D content is lower than the value 
calculated from the individual maximal velocities and shown in 
graph (6). From the composition of the isolated formaldehyde det 
wh. Or/min X 100 it could be calculated that the D sarcosine in the mixture must cor 
None 120 7 have been oxidized only one-fourth as fast as the H sarcosine, ow 
pa eg “ no instead of two-thirds as fast as was the case when the two species aE, 
were incubated separately. This experiment was repeated em- i | 
- owe inhibited rate ploying a mixture of 75% D and 25% H sarcosine as described ds 
7 Inhibition = (1 — noninhibited at x 100. in Fig. 3. Bar graph (b) shows the composition of the form- - 
aldehyde which would be obtained if the D sarcosine were oxi- in 
genase system might exert when it was saturated simultaneously dized at two-thirds the rate of the H sarcosine. As in the previ- 
with both sarcosine-CD; and sarcosine-CH; was next examined. US case, the observed D content (graph (c)), was lower and once for 
In these experiments the fate of the sarcosine-CH; was followed more the rate of oxidation of the D substrate was calculated of 
by labeling its methyl group with C™, the presence of which to be only one-fourth as great as that of the H species, thereby Fr 
has no discernible effect on the oxidation rate. The product verifying the results obtained with the 1:1 mixture. - 


of methyl oxidation was then trapped with semicarbazide and 
isolated without carrier as the dimedon derivative of formal- 


The results of the mixture experiments can also be predicted 
employing the Michaelis constants (Fig. 1), in addition to the 


| co 
| of 
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maximal velocities, in the following equation 2? 


VH _ Vu (Su + Ku)(Kp) 
vp Vp (Sp + Kp)(Ku) 


Thus, the predicted H:D ratio in the products is 76:24 for 
the 1:1 mixture and 52:48 for the mixture of 3 parts of D 
sarcosine and 1 part of H sarcosine. Both of these values are 
in good agreement with the observed compositions shown in Figs. 
2 and 3. Therefore, the experiments employing mixtures of 
CD;- and CHs- sarcosine confirm the effect of D on enzyme- 
substrate binding. 

The studies reported here provide an excellent example of 
how an isotope effect can result in gross misinterpretation of 
biochemical pathways if mixtures of D and H substrates are 
employed or if the deuterated moiety is subject to dilution by 
its endogenous, nonisotopic counterparts. Thus, taken at face 
value, comparison of the compositions of the starting mixtures 
of D and H sarcosines in Figs. 2 and 3 with the composition 
of the formaldehyde isolated in each case leads to the conclusion 
that the sarcosine-methy] attains the oxidation level of formate 
during its conversion to formaldehyde. However, our previous 
experiments with the completely deuterated sarcosine (4) demon- 
strated that the oxidized methyl group does not exceed the 
level of formaldehyde in this system. 

In contrast to the combinations of sarcosine-CD; plus sar- 
cosine-CH; used in our present experiments, sarcosine-CD.2H 
or sarcosine-CH2D also constitute isotopic mixtures. However, 
in the latter two compounds the precise proportions of H and 
D per mole of substrate would be difficult to ascertain and 
there could also be enzymatic selection between D and H of 
the same molecule. Except for purposes of crude tracing, experi- 
ments with such ‘“‘mixed” substrates would be exceedingly dif- 
ficult to interpret. Some of these problems and the experiments 
designed to circumvent them are exemplified in the studies of 
Rachele et al. (15-18) on methy] neogenesis. 

In light of the results reported here, it appears that more 
rigorous definitions ought to be employed to describe various 
isotope mixtures. The term ‘“double-labeled” should be re- 
stricted to such species as R—C™D3;, where both labels are in 
the same molecule. Mixtures of R—C'“H; and R—CD; should 
be designated as “mixed-labeled.” 


EXPERIMENTAL 


The deuterated sarcosine, containing 98.7 atom % excess 
deuterium and the sarcosine-C'H; (9500 c.p.m. per umole, 
corrected) were the same preparations employed in our previous 
studies (3, 4). 

The mitochondria were prepared from rat liver and suspended 
in potassium phosphate buffer as described earlier (19). The 
C“H.O was isolated from the reaction mixture as the dimedon 
derivative (20, 21) without carrier and the serine was analyzed 
spectrophotometrically (21, 22). All of the manometric meas- 
urements were carried out in air at 37°. 


2 This treatment of Michaelis constants and initial velocities 
for predicting the product composition resulting from any mixture 
of H and D substrates was kindly suggested to us by Drs. Carl 
Frieden and Mildred Cohn. In this expression v designates the 
initial velocity for each subsaturation concentration of substrate 
S, and V, the maximal velocities. K represents the Michaelis 
constants. The subscripts H and D indicate the isotopic species 


of the substrate. 
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100% 
75% 
50% 
25%r 25% 


(a) (b) 


(c) 


Fic. 3. Enzymatic selection in oxidation of 3:1 mixture of sar- 


cosine-CD; and sarcosine-C'4H;. Experimental conditions and 
expression of results are the same as for Fig. 2. 


SUMMARY 


In the mitochondrial metabolism of sarcosine containing 100 
atom % D in the N-methy!] group: 


D,C—NH—CH:—COOH + 
active-CD.0 + glycine — serine-8-CD,0H 


CD:0 


the initial rate of oxidation is found to be only two thirds that 
of sarcosine-CHs3, as shown by both oxygen uptake and rate of 
CD.O production. The deuterium has no effect on the rate 
of serine synthesis. 

The isotope effect can be attributed to a decrease in the 
binding forces between the D substrate and the enzyme as well 
as to an increase in the activation energy for the oxidation of 
the —CDs group. 

When the dehydrogenase system is saturated with mixtures 
of sarcosine-CD; and sarcosine-CHs3, the two species must com- 
pete for the same enzyme site and the rate of oxidation of the 
D substrate becomes only one-fourth that of the H sarcosine. 
The isotope composition of the oxidation products of such mix- 
tures can be predicted from the AK, values, maximal velocities, 
and concentrations of the protium and deutero sarcosines. The 
use of mixed isotope substrates for the elucidation of metabolic 
pathways is discussed in the light of these experiments. 
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Considerable interest has recently been aroused by the sug- 
gestion that the hormonal expressions of steroids are conse- 
quences of their functioning as either activators of or coenzymes 
of transhydrogenase reactions (1-9). The data on which this 
suggestion is based have been obtained exclusively from studies 
involving partially purified enzyme preparations. In a recent 
publication Stein and Kaplan (10) presented data, transhydro- 
genase activities of the mitochondrial and soluble fractions of 
rat liver homogenates, which led them to conclude: “It appears 
that the a-hydroxysteroid dehydrogenases are not significant 
entities in promoting transhydrogenase reactions in animal 
tissues.”” These authors questioned the validity of extrapolating 
from the behavior of cell free systems to the physiological role 
of a catalyst. The critical question of whether or not such ster- 
oid hormones function to augment transhydrogenase activity 
in cellular systems has not been subjected to test. 

A feasible approach to this problem would appear to be the 
determination of the magnitude of incorporation of the reductive 
hydrogens of DPNH and TPNH into biosynthetic products in 
the presence and absence of hormones. With this goal in mind, 
liver tissue, which has been shown to contain abundant amounts 
of 3a-hydroxysteroid dehydrogenase (11) of demonstrable trans- 
hydrogenase function (3, 4), was incubated with lactate-2-H? 
to effect the intracellular synthesis of reduced pyridine nucleo- 
tide-4-H? (12, 13). The amount of tritium incorporated into a 
product utilizing DPNH in its synthesis, i.e. hexose (12), and 
into a product utilizing TPNH in its synthesis, 7.e. fatty acids 


(14, 15), was determined in the presence and absence of an-. 


drostan-3,17-dione, etiocholane-3,17-dione, and £-estradiol 
(1,3,5-estratriene-3 , 17B-diol). 


EXPERIMENTAL 


Adult male rats of the Sprague-Dawley strain, maintained on 
Purina chow and weighing approximately 200 g, were used in 
this study. They were killed by fracture of the cervical verte- 
brae and liver slices were prepared with the aid of a Stadie-Riggs 
microtome. The buffer used was that described by Hastings 
et al. (16) as most favorable for glycogen synthesis. Other 
features of the procedure for the incubations in vitro have been 
described (17). 

Substrates and Hormones—The p,t-lactate-2-H’, specific ac- 
tivity 0.66 mc per mg (it will be understood that the tritium is 
carbon-bound and not oxygen-bound), was obtained from the 
New England Nuclear Corporation. It contained 1.4% ex- 
changeable tritium at the time of use; appropriate corrections 


were accordingly made in calculating the radiochemical yield 
as water-H? (Tables I and IT). 

Androstan-3 , 17-dione, etiocholane-3 , 17-dione, and B-estradiol 
were obtained from the Sigma Chemical Company. The ster- 
oids were dissolved in ethanol and added to the incubation 
medium in a volume of 0.02 ml per hormone present. This 
same volume of ethanol was added to the control flasks. 

Products Isolated—The methods utilized for isolation and as- 
say of glycogen, lipids, water, and CO, have been presented (13, 
17). 


RESULTS AND DISCUSSION 


In Table I are recorded the data obtained when lactate-2-H? 
is incubated with liver slices in the presence of androstan-3,17- 
dione, etiocholane-3,17-dione, and §-estradiol each at 10-* m 
and etiocholane-3,17-dione at 10-5 m. It will be noted that 
the radiochemical yields of tritium in the water, lipid, and gly- 
cogen fractions are little influenced by the presence of steroids. 
The possibility that in the presence of these hormones there 
occurred an alteration in the amount of lipid and glycogen 
synthesized had to be considered. For example, had the amount 
of fatty acid synthesis been depressed and the amount of hexose 
synthesis augmented by the presence of hormone, then the data 
would signify a relative shift in the distribution of tritium. 
Consequently an endeavor was made to measure fatty acid and 
hexose synthesis with lactate-2-C" as substrate. The data from 
two experiments of this type are recorded in Table II. It is 
evident that the fate of the second carbon of lactate is unin- 
fluenced by the presence of hormone. It is also evident that 
the presence of the three hydroxysteroids at 10-5 m did not 
influence the distribution of the second carbon-bound hydrogen 
in water, lipids, and glycogen. 

Because of the negative nature of these results, it became 
necessary to establish that hormonal penetration of the tissue 
had actually occurred. When testosterone-4-C™ at 10-* m was 
incubated with liver slices, under conditions identical with those 
described in Table II, it was completely metabolized to a new 
compound. (I should like to acknowledge the kindness of 
Drs. G. M. Tomkins and J. 8S. McGuire in supplying the testos- 
terone-4-C" and performing the chromatographic analysis.) As 
well, in studies by Pesch and Topper (18), hormonal alterations 
of galactose metabolism by rat liver slices have been effected at 
concentrations of 10-° m. 

The experimental design of this study was based on the an- 
ticipation that if hydroxysteroids function to augment transhy- 
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TABLE I 
Lactate-2-H* metabolism in presence of steroids 

Rat liver slices were incubated in 5.0 ml of buffer containing 
0.7 mg of lactate-2-H* (about 0.5 mc). Also present, where in- 
dicated, were the following hormones: androstan-3,17-dione (A), 
etiocholane-3,17-dione (£), and f-estradiol (8). The incubation 
period was 45 minutes. The amount of tissue in each flask was 
500 + 6 mg. Radiochemical yields were calculated per 500 mg 
per 45 minutes. 


Radiochemical yields in 
Rat* No. Steroids Concentra- 
present tion 
Water | Lipid Glycogen 
% % % 

Al 36 0.44 0.0049 
A2 A,E,B 31 0.45 0.0041 
Bl 27 0.19 0.0059 
B2 A,E,B 10-6 0.0051 
El 24 0.68 0.0019 
E2 E 10-5 20 | 0.47 0.0030 
20 0.61 0.0024 
E 10-5 21 0.51 0.0026 


* Experiments performed with slices obtained from the same 
rat are identifiable by the letter designation. 


TABLE II 
Lactate-2-H*® and lactate-2-C'* metabolism in presence of steroids 
Rat liver slices were incubated in 5.0 ml of buffer containing 
1.8 mg of lactate. About 0.5 me was present when H? was the 
label; about 0.02 we was present when C4 was the label. See 
Table I for additional details. 


Radiochemical yields in 
ter cogen | dioxide 
% % % % 
Cl | Lactate-2-H$ 28 | 0.15 |0.0057 
C2 | Lactate-2-H$ A,E,B | | 31 | 0.17 |0.0072 
C3 | Lactate-2-C™ 0.39 0.07 | 1.19 
C4 | Lactate-2-C' A,E,B | 0.35 10.09 | 1.05 
D1 | Lactate-2-H’ 35 | 0.17 '0.011 
D2 | Lactate-2-H? A,E,B | 10-'™ | 31 | 0.18 0.010 
D3 | Lactate-2-C'™ 0.44 0.13 | 1.40 
D4 | Lactate-2-C' A,E,B | 10-'m 0.52 10.17 | 1.33 


* See Table I. 


drogenase activity in intact cells, by any mechanism, i.e. by 
action on transhydrogenases and hydroxysteroid dehydrogen- 
ases, singly or together (9), then they must catalyze the 
approach toward chemical equilibrium of the DPNH/DPN- 
TPNH/TPN couple. The selection of lactate-2-H* as a sub- 
strate would be anticipated to preferentially label the DPNH 
relative to the extent of labeling of TPNH. The amount of 
tritium incorporated into hexose (glycogen) and fatty acids 
(lipid) is expected to be directly proportional to the specific 
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activities of the intracellular DPNH and TPNH, respectively, 
Any event which brings about an approach toward chemical 
equilibrium of DPNH/DPN-TPNH/TPN should alter the 
specific activities of the intracellular DPNH and TPNH; de- 
creasing that of DPNH, increasing that of TPNH. Everything 
else being equal, an alteration in the incorporation of tritium 
into hexose and fatty acids should result. Of course, if the 
DPNH/DPN-TPNH/TPN is already at isotopic equilibrium, 
then augmentation of transhydrogenase activity would be with- 
out metabolic effect as measured by this approach. 

It is to be noted that by the use of another substrate-H', e.g, 
glycerol-2-H? (13), the labeling of a different pyridine nucleotide 
might be effected, and by the isolation and assay of other prod- 
ucts-H*® different pyridine nucleotide pools might be sampled, 
and thereby a hormonal influence might have been elucidated. 
Also, by the use of tissues other than liver, this approach might 
reveal hormonal influences related to an augmentation of trans- 
hydrogenase activity. However, to date, this approach appears 
to be the only feasible means by which one might hope to meas- 
ure an alteration of transhydrogenase activity in intact cells. 


SUMMARY 


Reduced pyridine nucleotide-4-H* has been generated intra- 
cellularly by the incubation of lactate-2-H’ with liver slices and 
the metabolic fate of the tritium, in the absence and presence 
of steroid hormones, has been studied. Since the presence of the 
hormones did not alter the distribution of tritium incorporated 
into water, lipids, and glycogen, the conclusion is drawn that 
they do not influence transhydrogenase activity in this system. 
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The need for additional study on the specific relation between 
metallic ions and metabolic function, especially in the case of the 
diphosphopyridine nucleotide oxidase system, has been expressed 
by Mahler (1) and others. This is particularly indicated in view 
of the fact that a number of the known components of this sys- 
tem contain iron. While it is broadly concluded that iron com- 
pounds facilitate electron transfer from the reduced flavins to the 
various cytochromes, the exact nature of this effect is not under- 
stood. It seems unlikely that free ferrous ions transfer electrons 
to cytochrome c since the oxidation-reduction potential of the 
Fet+t+:Fet+++ system is much more positive than that of cyto- 
chrome c. Metallic complexes, however, could mediate electron 
transport because of their more negative potential. According 
to another explanation of these reactions, metallic ions might 
act by effecting a tighter molecular bonding between the reac- 
tants. Indeed, Green (2) has suggested that metal atoms may 
connect neighboring hemes and crosslink parallel molecular 
chains. These considerations, therefore, rendered the analysis 
of the effects produced by the addition of metallic organic com- 
plexes to the DPNH-oxidase system of considerable interest. 

Preliminary investigations in which a spectrum of 10 naturally 
occurring and synthetic organic compounds containing iron in 
the ferrous and ferric states was tested revealed the ability of the 
ferric salt of ethylenediaminetetraacetic acid (Fe(III)-EDTA) to 
accelerate the DPNH-oxidase system to a marked degree. More 
detailed studies of this effect and the nature of the reaction 
involved constitute the subject of this investigation. 


EXPERIMENTAL 


Initial work was done with soluble enzyme preparations of the 
DPNH-oxidase system prepared from mouse liver according to 
the method previously described (3). Since recent reports (4) 
have recorded apparent alterations in the interaction of respira- 
tory carriers depending on the treatment of the tissue and the 
mode of separating particulate cell fractions, the analysis of sev- 
eral types of mitochondrial preparations as well as solubilized 
preparations of cell constituents was deemed necessary. Mito- 
chondria isolated from normal mouse liver according to the pro- 
cedure of Schneider and Hogeboom (5) were used in the major 
part of this investigation. Nicotinamide was added to stabilize 
the oxidase activity. In addition, the electron transport particle 
separated from beef heart according to the method of Mackler 


* Supported by grants from the Damon Runyon Memorial Fund, 
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and Green (6) was studied for confirmatory information of the 
activity of the metallic chelates on the respiratory system in 
question and the nature of the reaction involved. 

Antimycin A was purchased from the Wisconsin Alumni Re- 
search Foundation and sodium Amytal from the Eli Lilly Com- 
pany; DPNH and horse heart cytochrome c were Sigma products; 
and the metallic chelates were contributed by the Alrose Chemi- 
cal Company. 

The oxidation of DPNH by oxygen was assayed by measuring 
the decrease in absorbancy at 340 my, with a Beckman DU Spec- 
trophotometer. Determinations were made at room tempera- 
ture. The complete system contained 0.2 ml of 0.1% DPNH, 
0.2 ml of enzyme preparation, 1.0 ml of 0.15 m phosphate buffer 
of pH 7.5, and 1.6 ml of water. Adjustments of the volume of 
water were made as required in the experimental determinations 
involving various concentrations of the metallic chelates. 

The oxidation of DPNH by cytochrome c (DPNH-cytochrome 
c reductase) was followed spectrophotometrically by measuring 
the increase in optical density at 550 mu. The system contained 
0.5 mg cytochrome c, 0.3 ml of 0.01 m cyanide, 0.2 ml of 0.1% 
DPNH, 1.0 ml of 0.15 m phosphate buffer pH 7.5, 0.2 ml of en- 
zyme, and water to give a final volume of 3.0 ml. 

The sodium Amytal solution was prepared just before use. 


RESULTS 
Effect of FeUIII)-EDTA on Particulate and Soluble Preparations 


The marked degree of stimulation of respiratory activity ob- 
tained when mouse liver mitochondria were treated with Fe(III)- 
EDTA (Fig. 1) was similar to that obtained with solubilized liver 
preparations or beef heart sarcosomes. Since it had been ob- 
served in earlier studies (3) that in relation to normal liver, a 
diminished capacity for DPNH oxidation was characteristic of 
hepatoma 98/15 (7), the investigation of the influence of the iron 
chelate on the latter was of interest. Numerous authors have 
implicated a reduced concentration of the cytochrome compo- 
nents as the cause of the lowered DPNH-oxidase activity in 
tumor tissues. More recently Chance (8) has advanced the ex- 
planation that tumor tissue shows an inability to utilize its cyto- 
chrome system rather than an absence or a lowered concentration 
of the intermediates of this system. Although Fig. 1 illustrates 
the catalytic effect of increasing amounts of Fe(III)-EDTA on 
the total oxidase system of hepatoma 98/15, information con- 
tributory to the elucidation of the fundamental problem could 
be obtained only by studying the site of activity of Fe(III)- 
EDTA in the respiratory chain. 
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Fia. 1. The stimulatory effect of Fe(III)-EDTA on the DPNH- 
oxidase system of mouse liver and hepatoma 98/15 mitochondria. 
Fe(III)-EDTA concentrations: 1, none; 2, 1.81 K 10-4 m; 3, 3.62 X 
10-4 mM; 4, 5.43 10-*mM. @——@, hepatoma; O O, liver. 


Before this was attempted, some basic notions of the kinetics 
and mode of activity of the acceleration reaction were established. 
The common intercept (9) obtained when the reciprocals of the 
substrate concentrations were plotted against the reciprocals of 
the initial reaction velocities in the presence and in the absence 
of Fe(III)-EDTA, indicated a competitive type of reaction for 
DPNH-cytochrome c reductase (Fig. 2). That Fe(III-EDTA 
competes with the cytochrome components for electrons is further 
indicated in the studies where the iron complex was added to 
antimycin A and sodium Amytal-treated respiratory systems. 


Measure of DPNH [Fe(III)-EDTA] Activity 


Fig. 1 shows the oxidative rates of the mitochondrial prepara- 
tions of liver and hepatoma 98/15 in the absence and the presence 
of various concentrations of Fe(III)-EDTA. To determine how 
much of the activity was due to the endogenous mitochondrial 
constituents and how much was contributed by the Fe(III)- 
EDTA, several approaches were used. 

1. The DPNH-oxidase system was completely blocked by 
cyanide. No exogenous cytochrome c was introduced into the 
experimental system. As shown in Fig. 3 a minimum of DPNH 
oxidation occurred during the first 5 minutes. The progressive 
stimulation of DPNH oxidation achieved when increasing con- 
centrations of Fe(III)-EDTA were added after this initial period 
was considered a measure of DPNH[Fe(III)-EDTA] activity. 
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Fig. 2. Illustrating the competitive inhibition of DPNH-cyto- 
chrome c reductase of liver mitochondria by various concentra- 
tions of Fe(III)-EDTA. @——@, None; O O, 1.81 X 10-4M; 
O——O, 3.62 X 10°*m; A——-A, 5.43 XK 10-4 M. 


It should be noted here that Fe(III)-EDTA in the concentrations 
used failed to oxidize the reduced pyridine nucleotide in the ab- 
sence of the enzyme. The dependence of oxidative activity on 
at least some of the natural respiratory carriers was further illus- 
trated in the difference in reaction rates obtained when liver, 
hepatoma 98/15 and heart preparations were used as enzyme 
sources. 

2. Fig. 4 depicts DPNH oxidation effected by the mitochon- 
drial components in the presence of added cytochrome c and 
that due to Fe(III)-EDTA alone. The reduction of cytochrome 
c was followed concomitantly with the oxidation of DPNH. It 
was observed that in 10 minutes no appreciable increase in opti- 
cal density at 550 my and no further decrease at 340 my were 
noted; 7.e. the reaction was allowed to go to completion. The 
resumption of DPNH oxidation that ensued when Fe(III)-EDTA 
was added may be interpreted as oxidation of DPNH mediated 
by Fe(III)-EDTA. 


Localization of Site of Fe III)-EDTA Activity 


Whereas the above studies established the fact that the entire 
DPNH-oxidase system was stimulated by Fe(III)-EDTA, at- 
tempts were made to ascertain the site of this acceleration phe- 
nomenon. The investigation of the effects of the iron chelate on 
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Fig. 3. Ability of Fe(III)-EDTA to by-pass the DPN H-oxidase 
system of mouse liver and hepatoma 98/15 mitochondria in the 
presence of cyanide. KCN, 0.01 m, 0.3 ml; Fe(III)-EDTA con- 
centrations: 1, 1.81 K 10-4 M; 2, 3.62 K 107-4 mM; 8, 5.43 X 1074 M. 
@——@, hepatoma; O——O, liver. 


isolated portions of the respiratory chain revealed some essential 
information. 

1. Studies of DPNH-Cytochrome c Reductase System—The elec- 
tron transport particles prepared from heart mitochondria were 
treated with deoxycholate in order to obtain an oxidative system 
with a high DPNH-cytochrome c reductase activity (6). Here, 
marginal amounts of DPNH-oxidase activity resulted as higher 
cytochrome reductase activity emerged. Fig. 5shows that in the 
absence of Fe(III)-EDTA the rate of reduction of cytochrome c 
(Curve I) paralleled the oxidation of DPNH (Curve ITV). In the 
presence of the iron chelate, the maximum reduction of cyto- 
chrome c (Curve IJ) was attained at an earlier time and was 
significantly lower than the untreated system. These results 
suggested that Fe(III)-EDTA competes with the cytochromes 
for electrons. It is to be noted further that whereas in the pres- 
ence of the iron complex no additional increase in absorbancy at 
550 my occurred after the initial 3 minutes of reaction (Curve 
IIT), the oxidation of DPNH continued (Curve IT). The latter 
presumably was due to the mediation of Fe(III)-EDTA. Also, 
the slope-of the curve after 5 minutes of reaction (Curve II) ap- 
proximated that obtained when the iron compound was intro- 
duced into the reaction vessel not at zero time but only when 
the mitochondrial oxidase activity had virtually ceased (Fig. 4). 
Generalizing from the various data, it would therefore appear 


Fic. 4. Oxidation of DPNH by the cytochrome system of liver 


mitochondria and by Fe(III)-EDTA. 


that Fe(III)-EDTA acts at some point before cytochrome ¢ in 
the respiratory sequence. 

2. Inhibition Studies with Antimycin A—With the use of liver 
mitochondria as the source of DPNH-oxidase an inhibition of 
approximately 72% was effected by 10 ug of antimycin A (Fig. 
6). The addition of 3.62 x 10-4 m Fe(III)-EDTA simultane- 
ously with the inhibitor resulted in a reversal of this oxidative 
depression. The rate of oxidation that resulted (Curve IT) ap- 
proximated the activity due to DPNH[Fe(III)-EDTA] as defined 
in this paper (Curve III), but did not reach the rate of oxidation 
produced by the combined endogenous mitochondrial system and 
the added Fe(III)-EDTA system (Curve J). Confirmatory data 
were obtained in experiments in which Fe(III)-EDTA was added 
to the DPNH-oxidase system which had been incubated 5 min- 
utes with the inhibitor. In these studies, it was found that the 
iron chelate produced an oxidation progressive with increasing 
concentrations of the accelerating agent. This was observed 
also in studies where the reaction of the inhibitor with the re- 
spiratory carriers was measured beginning at zero time. 

The cross-over point for antimycin A inhibition of the DPNH- 
oxidase system is known to be between cytochromes b and ¢ + 
c, (8, 10). Since Fe(III)-EDTA was able to catalyze DPNH 
oxidation in the presence of antimycin A, it is concluded that 
Fe(III)-EDTA “mediation” occurs at or before cytochrome b. 

3. Inhibition Studies with Sodium Amytal—Fig. 6 also demon- 
strates the depression of DPNH-oxidase caused by 5.05 x 10-% 
M sodium Amytal and the ability of Fe(III)-EDTA to overcome 
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Fia. 5. The effect of 3.62 K 10-4m Fe(III)-EDTA on the DPNH- 
cytochrome c reductase system of the deoxycholate-treated elec- 
tron transport particle (I) of beef heart. Curves IJ and III repre- 
sent the activity in the presence of Fe(III)-EDTA and Curves I 
and IV the activity in its absence. 


this inhibition. As in the case of antimycin A, the stimulated 
oxidation was of the order of the DPNH [Fe(III)-EDTA] ac- 
tivity rather than that of the mitochondrial DPNH-oxidase upon 
which Fe(III)-EDTA has been superimposed. However, in the 
concentrations used, Fe(III)-EDTA did not actually attain the 
degree of DPNH [Fe(III)-EDTA] oxidation. A residual depres- 
sion not overcome by the iron chelate must be assumed. 

In phosphorylating mitochondria sodium Amytal has been 
shown to block the oxidation between pyridine nucleotide and 
flavoprotein (4,8). In the DPNH-cytochrome c reductase prep- 
arations of Estabrook (4), however, Amytal acts between the 
reduced flavoprotein and cytochrome b. The results obtained 
in the present study would seem to warrant the explanation that 
the site of Fe(III)-EDTA mediation is near the flavoproteins. 


Effect of Various Metallic Chelates on DPN H-oxidase 
System of Liver Mitochondria 


In order to establish whether the acceleration of DPNH oxida- 
tion was characteristic of the ferric chelate or was of a nonspecific 
nature, a number of metallic chelates were tested for their ability 
to influence the DPNH-oxidase system. The results are sum- 
marized in Table I. In general, the stimulation of the DPNH- 
oxidase activity of liver mitochondria by added Ca(II)-EDTA, 
Mn(II)-EDTA, Mg(II)-EDTA, Ni(II)-EDTA, or Co(II)-EDTA 
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Fig. 6. Ability of 3.62 K 10-4 m Fe(III)-EDTA to accelerate 
the DPNH-oxidase system of liver mitochondria depressed with 
10 wg of antimycin A and with 5.05 X 10-3 m sodium Amytal. 
The antimycin A was a 50% alcoholic solution. KCN concentra- 
tion, 0.01 M, 0.3 ml. @——®, liver alone; O——O, + Fe(III)- 
EDTA; A——A, + antimycin A + Fe(III)-EDTA; A——A, liver 
+ KCN + Fe(III)-EDTA; @——@, liver + Amytal + Fe(III)- 
EDTA; X——-%, liver + antimycin A; ©——®, liver + Amytal; 
O——O, liver + KCN. 


was quantitatively similar. However, since Cu(II)-EDTA ac- 
celerated DPNH oxidation only slightly and Zn(II)-EDTA ac- 
tually depressed the enzyme activity, it appeared that the ac- 
tivity of metallic chelates was not caused merely by the presence 
of cations. 

Of the metallic chelates which markedly increased the oxida- 
tion of DPNH, only the ferric complex produced a progressive 
increase in oxidation with increasing concentration (Table I). 
This observation was significant and indicated that either the 
mechanism of acceleration or its site of reaction differed from 
that of the other stimulating chelates. Additional study of se- 
lected segments of the respiratory chain showed that the iron 
chelate produced a reaction on the initial portion of the respira- 
tory chain very different from that of the calcium, magnesium, 
manganese, nickel, or cobalt complexes. Cyanide was used to 
inhibit the cytochrome c oxidase. The use of potassium cyanide 
was effective in blocking the oxidation of DPNH by liver mito- 
chondria. The addition of calcium, magnesium, manganese, 
nickel, or cobalt complexes failed to renew DPNH oxidation. 
However, the addition of Fe(III)-EDTA to the depressed system 
effected a pronounced resumption of DPNH oxidation (Table 
II). These results further imply a difference in reaction be- 
tween the ferric complex and the other chelates cited. 
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DISCUSSION 


The ability of Fe(III)-EDTA to produce a notable stimulation 
of the DPNH-oxidase respiratory chain, of which the known 
participants are DPNH-flavoprotein, cytochromes }, ¢1, ¢, a, ds, 
and oxygen, has been productive of some interesting questions 
and speculations. Several of these concern the precise location 
of iron chelate mediation in the respiratory sequence and the 
manner in which acceleration of DPNH oxidation is achieved. 

It should be noted that in the concentrations tested, Fe(III)- 
EDTA failed to oxidize DPNH directly. Thus, one or several 
of the endogenous respiratory intermediates are required for the 
oxidation of DPNH by way of the iron chelate. The results of 
this investigation have demonstrated a competitive relationship 
between Fe(III)-EDTA and the cytochrome participants of liver 
mitochondria. The localization of the exact site of iron chelate 
activity necessitated studies which involved only part of the 
respiratory chain. Results obtained when cyanide or antimycin 
A were used as selective inhibitors of segments of the chain indi- 
cated that the iron complex of EDTA acted at some point before 
cytochrome b. Inhibition studies with sodium Amytal focused 
the more likely site of operation in the area of the flavoproteins. 

The acceleration phenomenon of Fe(III)-EDTA is particularly 
significant because of the apparent inability of a number of tu- 
mors to utilize their cytochrome system. It may be asked 
whether the oxidative capacities of this metallic chelate are such 
as to permit a by-passing of a step in the respiratory chain that 
might be the limiting factor in tumor tissue. The present studies 
have shown that 5.43 « 10-4 m Fe(III)-EDTA was able to in- 
crease appreciably the DPNH oxidation by mitochondria of 
mouse hepatoma 98/15. The oxidative rate, however, did not 
equal that of liver mitochondria. Further investigations of the 
influence of Fe(III)-EDTA on rat hepatomas induced with azo 
dyes are in progress. In preliminary experiments with solubil- 
ized preparations of transplanted mouse adenocarinoma, the 
ferric chelate increased oxidation but not to as marked a degree 
as in the mouse hepatoma. 

A number of possible explanations of the mechanism of Fe(IIT)- 
EDTA in the DPNH-oxidase system of liver mitochondria may 
be considered. It seemed probable that the activity of the iron 
complex was associated with its oxidation-reduction potential. 
Schwarzenbach and Heller (11) have shown that the ferrous 
salts of EDTA have striking reducing capacities. The reduced 
iron complex is sensitive to air and is readily oxidized even by 
dissolved oxygen (12, 13). For the process Fe(III) Y’ +e = 
Fe(II) Y”, the E°® reported by Schwarzenbach and Heller (11) 
is —0.1 volt. By means of potentiometric titration curves, these 
authors found that the potential was constant from pH 4 to 6. 
At higher or lower pH the potential depends on pH. The re- 
sults of Kolthoff and Auerbach (13) with polarographic methods, 
deviated only slightly from those of the above mentioned authors. 
More recently, Schmid and Reilley (14) with coulometric titra- 
tion procedures, substantiated these findings. According to 
these investigators, the potential at pH 7 and 7.5 is slightly more 
negative than —0.1 volt. These data are compatible with the 
finding that Fe(III)-EDTA acts in the region of the flavoproteins. 

Although this appears to be the most probable interpretation, 
the possibility of a catalytic role, at least in part independent of 
any ferrous-ferric equilibrium cannot be excluded. Interaction 
with free radical intermediates, for example, may be involved. 
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TaBLeE [ 
Effect of EDTA complexes on DPNH-oxidase of liver mitochondria 


Stimulation of initial activity of liver 
mitochondria 
Metal complex 
1.81 X 10-* | 3.62 K 10-* | 5.43 K 10-* 
% % % 
Fe (III)-EDTA 115 186 228 
Ca (II)-EDTA 155 150 148 
Mn (II)-EDTA 162 160 160 
Mg (II)-EDTA 155 148 145 
Ni (II)-EDTA 155 158 160 
Co (II)-EDTA 155 153 151 
Cu (II)-EDTA 24 40 - 60 
Zn (II)-EDTA ~13 —20 —25 
TABLE II 


Effect of EDTA complexes on oxidation of DPNH by liver mito- 
chondria in presence of cyanide 
The concentration of KCN was 0.001 m and the metallic che- 
lates were .362 KX 10-4 m. Decrease of optical density at 340 mu 
was followed for 5 minutes. 


Mitochondria without 
Mitochondria + KCN............................. 
Mitochondria + KCN + Fe (III)-EDTA......... 
Mitochondria + KCN + Ca (II)-EDTA.......... 
Mitochondria + KCN + Mg (II)-EDTA.......... 
Mitochondria + KCN + Mn (II)-EDTA.......... 
Mitochondria + KCN + Ni (II)-EDTA.......... 
Mitochondria + KCN + Co (II)-EDTA.......... 


Bray (15) has concluded from studies of the electron spin reso- 
nance of xanthine oxidase solutions that flavine adenine dinucleo- 
tide free radicals are formed. Commoner et al. (16, 17) were 
able to detect partially reduced free radical intermediates when 
flavoproteins were reduced by oxygen, NaBHy,, or DPNH. 

Alterations in the physical nature of the enzyme milieu might 
afford a partial interpretation of the acceleration phenomenon. 
Indeed, the complexity of metal-enzyme interaction and the ab- 
sence of more definitive data provide scope for wider speculation 
on other factors which may influence the acceleration of DPNH 
oxidation. 

Although investigations of the effect of metallic chelates on 
enzymes are few, a considerable number of investigators have 
utilized free EDTA in enzyme studies with varying results. 
Among these, Raw and Mahler (18) used EDTA at a concentra- 
tion of 10-* m in homogenization and resuspension of liver mito- 
chondria. At the same concentration, Weinbach (19) found 
that the chelating agent could enhance the stability of oxidative 
phosphorylation but was detrimental at a concentration of 0.01 
M. Lang and Nason (20) found muscle TPN-cytochrome c re- 
ductase insensitive to EDTA. Hunter et al. (21) observed that 
EDTA was effective to some extent in reincorporating DPN into 
mitochondria. On the other hand, the disodium salt of EDTA 
inhibited glutamic dehydrogenase by compiex formation with 
the “intrinsic” zinc of the enzyme (22). In studies on the inter- 
action of ascorbic acid and mitochondrial lipids, Ottolenghi (23) 
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found that 5 X 10-* N EDTA completely inhibited the forma- 
tion of lipid peroxide but that the ferric salts did not increase 
the rate of reaction. 

Greater definition of the nature of the stimulated oxidative 
activity of the DPNH-oxidase system by cationic complexes re- 
quires more detailed investigation. It is probable that study 
of the reduction and oxidation of the individual components of 
the DPNH-oxidase system with the use of more refined instru- 
mentation such as the double-beam spectrophotomer (24) would 
contribute to the elucidation of the functioning of this complex 
system in both normal and tumor tissue. 


SUMMARY 


1. The ferric salt of ethylenediaminetetraacetic acid (Fe(III)- 
EDTA) accelerates the reduced diphosphopyridine nucleotide 
(DPNH)-oxidase system of liver mitochondria as well as solubil- 
ized liver preparations. The degree of acceleration is a function 
of the concentration of the iron chelate. 

2. Fe(III)-EDTA competes with the intermediates of the 
DPNH-cytochrome c reductase system of heart mitochondria 
treated with deoxycholate. This activity, however, is independ- 
ent of the tissue preparation, solubilized or particulate, as well 
as of the tissue sources investigated, beef heart or mouse liver. 

3. The ferric chelate is able to reverse the inactivation 
of DPNH oxidation by antimycin A and sodium Amytal. It 
would appear that the site of Fe(III)-EDTA action in the re- 
spiratory chain is in the area of the flavoproteins. These data 
are compatible with the oxidation-reduction potential of Fe(III)- 
EDTA. Fe(III)-EDTA does not oxidize DPNH directly. 

4. Of the cationic chelates tested, Fe(III)-, Mg(II)-, Mn(II)-, 
Ca(II)-, Ni(II)-, and Co(II)-EDTA stimulated the DPNH-oxi- 
dase activity of liver mitochondria. Cu(II)-EDTA had but 
slight effect on the system whereas Zn(II-)EDTA was somewhat 
inhibitory. 

5. Fe(III)-EDTA was able to induce a limited increase of 
DPNH oxidation in mitochondria of hepatoma 98/15. The 
implications of these findings are discussed. 


Chelates on DPN H-oxidase and DPNH-Cytochrome c Reductase 


Vol. 235, No. 3 


Acknowledgment—We are grateful to Dr. W. C. Schneider for 


supplying us with hepatoma 98/15. 


CH 


REFERENCES 


MAHLER, H. R., Advances in Enzymol., 17, 233 (1956). 

GREEN, D. E., in O. H. GaeBLer (Editor), Enzymes: units of 
biological structure and function, Academic Press, Inc., 
New York, 1956, p. 479. 

LENTA, P., AND RIEHL, A., Cancer Research, 12, 498 (1952). 

EstTaBrook, R. W., J. Biol. Chem., 227, 1093 (1957). 


. SCHNEIDER, W. C., anp HoGesoom, G. H., J. Biol. Chem., 188, 


123 (1950). 


. MAcKLeR, B., aND GREEN, D. E., Biochim. et Biophys. Acta, 


21, 1 (1956). 

ANDERVONT, H. B., anp Dunn, T. B., J. Natl. Cancer Inst., 
13, 455 (1952). 

CHANCE, B., anpD HEss, B., Science, 129, 700 (1959). 

LINEWEAVER, H., anp Burk, D., J. Am. Chem. Soc., 56, 658 
(1934). 


. Cuance, B., in O. H. GaEBLER (Editor), Enzymes: units of 


biological structure and function, Academic Press, Inc., New 
York, 1956, p. 447. 


. SCHWARZENBACH, G., AND HELLER, J:, Helv. Chim. Acta, 34, 


576 (1951). 


. JonEs, 8. S., aND Lone, F. A., J. Phys. Chem., 56, 25 (1952). 
. Koutuorr, I. M., anp AvERBACH, C., J. Am. Chem. Soc., 74, 


1452 (1952). 


. Scumip, R. W., ano Reitiey, C. N., Anal. Chem., 28, 520 


(1956). 


. Bray, R. C., Matmstrom, B.G., VANNGARD, T., Biochem. 


J., T1, 24P (1959). 


. ComMONER, B., aNp Lippincott, B., Proc. Natl. Acad. Sci. 


U.S8., 44, 1110 (1958). 


. ComMMONER, B., Lippincott, B., AND PASSONNEAU, J. V., Proc. 


Natl. Acad. Sci. U. S., 44, 1099 (1958). 


. Raw, I., aNnD MAHLER, H. R., J. Biol. Chem., 234, 1867 (1959). 
. WerinBacu, E. C., J. Biol. Chem., 234, 1580 (1959). 

. Lana, C. A., aNnpD Nason, A., J. Biol. Chem., 234, 1874 (1959). 
. Hunter, F. E., Jr., Mauison, R., BrinGcers, W. F., Scuutz, 


B., AND ATcHISON, A., J. Biol. Chem., 234, 693 (1959). 


. ADELSTEIN, S. J., AND VALLEE, B. L., J. Biol. Chem., 234, 


824 (1959). 


. OrroLeNGut!, A., Arch. Biochem. Biophys., 79, 355 (1959). 
. CHANCE, B., AND Hess, B., J. Biol. Chem., 234, 2404 (1959). 


|) 
12 ar: 
| 
OO 
dis 
1S di 
ZY 
1 6 te: 
| 
or 
18 ev 
19 
dr 
22 ty 
or 
24 id 
re 
he 
n¢ 
ly 
la 
su 
ta 
pl 
Se 
pl 
di 
A 
et 
tl 


THE JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 3, March 1960 
Printed in U.S.A. 


Studies on Succinic Dehydrogenase* 


XII. 


FLAVIN COMPONENT OF THE MAMMALIAN ENZYME 


Epna B. KEARNEY 


WiTH THE TECHNICAL ASSISTANCE OF PAUL BERNATH 


From the Edsel B. Ford Institute for Medical Research, Henry Ford Hospital, Detroit, Michigan 


(Received for publication, September 17, 1959) 


The flavoprotein nature of mammalian succinic dehydrogenase 
was suggested by several early observations. For example, 
Keilin and Hartree (2) in 1939 observed a reduction in absorp- 
tion at 455 my when succinate was added to heart muscle prep- 
arations, and Axelrod et al. (3) noted a relationship between 
riboflavin deficiency and the succinic dehydrogenase activity of 
liver. With purified succinic dehydrogenase, the first direct in- 
dication of the presence of flavin came from the appearance of a 
difference spectrum with a maximum at 460 my when the en- 
zyme was treated with succinate or hydrosulfite (4-6). At- 
tempts to demonstrate the presence of flavin in the purified 
enzyme by conventional methods (release of flavin by cold acid 
or by thermal denaturation) were uniformly unsuccessful, how- 
ever. 

It was subsequently found by Green et al. (7) that tryptic 
digestion of their particulate preparation, the “succinic dehy- 
drogenase complex,” liberated appreciable amounts of flavin- 
type material which had_ not been extractable by acidification 
or boiling. This proved to be true also with the soluble, puri- 
fied enzyme from beef heart, but the flavin liberated was not 
identifiable as FAD or FMN! (8, 9). Similar results have been 
reported by Wang et al. for the dehydrogenase isolated from pig 
heart (10). Independently of these observations, Boukine (11) 
noted the presence of bound flavins, liberated only by proteo- 
lytic digestion, in a variety of plant and animal tissues, particu- 
larly in those rich in succinic dehydrogenase. 

In preliminary reports (8, 12, 13), we have suggested that 
succinic dehydrogenase, in contrast to other flavoproteins, con- 
tains FAD, held by covalent linkage, and that the unusual 
properties of the flavin in proteolytic digests may be a con- 
sequence of being in combination with a peptide chain. The 
present paper includes a detailed report of our findings und a 
discussion of the current status of this problem. 


EXPERIMENTAL 


Materials and Methods 


Materials—The following substances were obtained from com- 
mercial sources: FAD (“Sigma 90’) and FMN (Sigma Chemical 


* Supported by grants from the National Heart Institute, 
United States Public Health Service, and the American Heart 
Association, and by a contract (Nonr 1656(00)) between the Office 
of Naval Research and the Edsel B. Ford Institute for Medical 
Research. For previous paper in series see (1). 

1 The abbreviations used are: DEAE-cellulose, diethylamino- 
ethyl cellulose; DNP, 2,4-dinitrophenyl; FDB, 1-fluoro-2, 4-dini- 
trobenzene; FMN, flavin mononucleotide. 


Company); riboflavin (Merck and Company, Inc.); 5’-AMP (E. 
Bischoff and Company); ninhydrin (Dougherty Chemicals); 
FDB (Distillation Products Industries); amino acids (California 
Corporation for Biochemical Research); Florisil (Floridin Com- 
pany); recrystallized trypsin, chymotrypsin, and carboxypepti- 
dase (Worthington Biochemical Corporation); crystalline bac- 
terial proteinase from Bacillus subtilis (gift of Nagase and 
Company, Ltd.); and intestinal phosphatase (Armour and Com- 
pany or Worthington Biochemical Corporation). 

The DNP-amino acid standards, prepared by Dr. F. Sanger, 
were gifts of Dr. V. Massey. The renal phosphatase was a 
homogeneous preparation, isolated by Dr. J. C. Mathies (14); 
nucleotide pyrophosphatase was isolated from potatoes by a 
modification of Kornberg and Pricer’s procedure (15), and ade- 
nylic deaminase was prepared from muscle as described by Niki- 


foruk and Colowick (16). 


Analytical—Phosphorus was determined by a microadapta- 
tion of the method of Fiske and SubbaRow (17), and, in later 
work, by Bartlett’s ultramicromethod (18); pentose by the or- 
cinol procedure (19), and AMP with adenylic deaminase (20). 
The distribution of flavin between benzyl alcohol and water was 
determined as previously described (21). 

For amino acid analysis, samples were hydrolyzed with 6 Nn 
HCl in sealed tubes for 18 hours at 95°. In quantitative anal- 
yses for amino acids, residual NH; was removed from the sam- 
ples before digestion with HCl by lyophilization in the presence 
of excess NaOH, and, following digestion and removal of HCl, 
the ninhydrin method of Rosen (22) was applied, with L-leucine 
as standard; the method was scaled down to a volume of 3 ml 
when necessary. 

In qualitative analysis by one-dimensional paper chromatog- 
raphy, ninhydrin-reacting materials were visualized by spraying 
with a 0.33% solution of ninhydrin in n-propanol, which was 
diluted just before use with 0.1 volume of 0.2 m sodium acetate, 
pH 5.0, and heating the paper at 90 to 100° for 1 to 2 minutes. 
This spray will detect 2 to 3 mumoles of amino acid and also 
provides a very sensitive method for the detection of traces of 
peptides, if the color is further developed in the dark overnight 
at room temperature. In the identification of amino acids by 
two-dimensional paper chromatography, the solvent pair, (n- 
butanol-acetic acid-H.O, 4:1:5 (volume to volume) (upper 
phase) followed by phenol-NH3, and the ninhydrin dip recom- 
mended by Smith (23) were employed. Arginine was identified 
on filter paper by the Sakaguchi reaction (23), histidine-tyrosine 
by the Pauly reaction (23), and sulfur-containing amino acids 
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by the platinic iodide method (24). N-Terminal amino acid 
analysis and the amino acid identification by the FDB procedure 
were performed as described by Levy in Fraenkel-Conrat et al. 
(25), using trimethylamine as buffer (26), except that in the 
paper chromatographic separations, tert-amyl] alcohol saturated 
with 0.05 m phthalate, pH 6 (27), was substituted for the solvent 
of Biserte and Osteux (28). In the analysis of end groups, the 
concentration of the amino acid was determined on eluates from 
tert-amyl alcohol-phthalate chromatograms, and further iden- 
tification was made by chromatography in 1.5 m phosphate, pH 
6.0, after acidification and re-extraction with ether. For iden- 
tification of the additional amino acids present, other than end 
groups, a second reaction with FDB was performed and two- 
dimensional chromatograms were made (25). The aqueous 
phase from this reaction, however, was chromatographed in the 
one-dimensional tert-amyl] alcohol-phthalate system. Following 
elution from paper with NaHCO; (25), the concentration of 
DNP-amino acids was determined spectrophotometrically at the 
absorption maximum of each compound in the range of 330 to 
390 mu. The molar extinction coefficients given by Levy in 
Fraenkel-Conrat et al. (25) were employed for calculations. 

Chromatographic Procedures—Except as otherwise noted, paper 
chromatographic analyses were run by the ascending method on 
Whatman No. 1 or 3 paper. For estimates of the purity of the 
flavin in the course of isolation, aliquots of 5 to 10 myumoles 
were chromatographed in one or more of the following solvents. 
Butanol-acetic acid was the most satisfactory solvent for the 
detection of the extent of contamination with peptides and for 
the separation of individual flavin peptides, and 5% (weight 
for volume) Na2zHPO, or 0.2 m NaCl-0.005 m acetate, pH 4, 
was preferred for comparison with authentic flavins. Fla- 
vins were visualized by their fluorescence under ultraviolet light, 
following spraying with 10% (volume to volume) acetic acid, 
when required. For large scale separation of flavins on paper, 
Whatman No. 3 paper, thoroughly washed with acetic acid and 
water, was employed. 

The Dowex resins (Dowex 50¥-X4, 200 to 400 mesh; Dowex 
1-X4 and X8, 200 to 400 mesh, and Dowex 3-X4, 200 to 400 
mesh (California Corporation for Biochemical Research)) and 
the Amberlite resins (CG-45, 100 mesh, and CG-50, 100 to 200 
mesh (Rohm and Haas Company)) were chromatographic grade, 
pre-washed, and screened preparations, and were further washed 
with 2 n HCl, 2 Nn NaOH, and water before use. The method 
of Hirs et al. (29) was followed for the conversion of Dowex 
50 to the NH,* cycle and for the regeneration of used resins. 
Before making columns, the resin was again washed with water, 
and, in the case of buffered columns, equilibrated with the ap- 
propriate buffer. In stepwise elutions, from buffered columns 
of Dowex 50, the ammonium acetate solutions were made 
by mixing 0.2 M ammonium acetate with 0.2 m acetic acid 
or 0.2 m NH,OH to the desired pH. DEAE-cellulose (type 
40, Brown Company), when employed in the phosphate cycle, 
was washed first with 1 m K2HPO, until all visible color and 260 
my absorption disappeared, then with water; the pH of the 
slurry was adjusted to the desired value and the column was 
equilibrated with the desired buffer before use. When DEAE- 
cellulose was used in the acetate cycle, 1 N NaOH, followed by 
water, was used for washing. It was converted to the acetate 
cycle with 1 m sodium acetate, washed with water and 1 m 
acetic acid; the column was then prepared and equilibrated with 
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the desired buffer. Aliquots of the DEAE-cellulose employed, 
after digestion with 6 Nn HCl, gave a negative ninhydrin test. 
Flavin Preparations—Succinic dehydrogenase was isolated 
from beef heart (5). In the early work (cf. Table I) highly 
purified preparations were employed. In later, large scale flavin 
preparations, the enzyme was purified from 80 beef hearts at a 
time to a stage of approximately 50 per cent purity and was 
stored at —20° until enough enzyme had been accumulated. 
All subsequent manipulations of the material were performed in 
the dark, with a red photographic safety light. Unless other- 
wise noted, the enzyme was precipitated with 0.1 volume of 55% 
trichloroacetic acid, and washed 3 to 4 times with 1% trichlo- 
roacetic acid at 0°, before proteolysis. The washed yellow pre- 
cipitate was resuspended in } of the original volume of 0.001 m 
Tris base, and the pH adjusted with 1 n NH,OH to 7.8 to 8.0. 
Proteolytic digestion was carried out with trypsin and chymo- 
trypsin (0.1 mg of each per mg of protein) at pH 7.8 to 8.0, 
for 4 hours at 38°, with readjustment of pH when necessary. 
Undigested protein was coagulated by heating for 3 minutes at 
95-100° and was removed by brief centrifugation. The super- 
natant solution was further treated by procedures which varied 
considerably in different preparations. Those which were used 
in experiments described in this report are summarized below. 
D1 was digested as described above, but without prior ex- 
traction with trichloroacetic acid. Digestion was followed by 
adsorption chromatography on Florisil and partition chromatog- 
raphy on Whatman No. 1 paper in 60 per cent (volume to vol- 
ume) tert-butanol, essentially according to the method of Dimant 
et al. (30) for the preparation of FAD. The flavins were eluted 
from the paper with water in chromatographic fashion. D2 
was prepared in the same way as D1, except that ascending 
chromatography in butanol-acetic acid preceded that in tert- 
butanol. D3 was purified in the same way as D1, and the 
main flavin band was subjected to two additional cycles of 
chromatography, in descending fashion, first in sec-butanol-for- 
mic acid-H,O (63:17:20, volume to volume), and then with the 
same solvents in the proportion 58:20:22 (volume to volume).? 
The isolation of D4A and D4B was the same as for D1, but 
with two further cycles of chromatography in butanol-acetic 
acid (Whatman No. 3 paper), first ascending, then descending. 
Of these two preparations, the former (D4A) had been hydro- 
lyzed to the mononucleotide level by nucleotide pyrophosphatase 
before these additional chromatographic steps; D4B was in the 
dinucleotide form. D5 was prepared in the same way as D1, 
through chromatography on Florisil. Instead of being chroma- 
tographed on paper, it was hydrolyzed to the mononucleotide 
(1 n HCl, 30 minutes at 100°), adjusted to pH 5.0 and placed 
on a column (0.9 X 10 cm) of Dowex 50, NH,* cycle, buffered 
at pH 5.0 with 0.2 mM ammonium acetate. After thorough wash- 
ing of the column with pH 5.0 buffer, the band was eluted with 
0.2 mM ammonium acetate, pH 6. Ammonium acetate was re- 
moved by sublimation after making the sample slightly alkaline 
with NH,OH. D6 was prepared in the same way as D5, but 
after trichloroacetic acid extraction of the enzyme. The details 
of the Dowex 50 chromatography, which differs slightly from 
that with D5, are given in the legend of Fig. 7. The main 
band, eluted from the column with pH 6.0 buffer, was treated 
with intestinal phosphatase and was chromatographed once 
again under the same conditions on Dowex 50. 


2 These solvent systems were developed by Dr. Vincent Massey. 
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D7 was prepared exactly as D6, except that renal phospha- 
tase was used for the degradation step. 

D8 was isolated by the same procedure as D6 and D7 through 
the first Dowex 50 chromatography. The pH 6 band, contain- 
ing 1.56 wmoles of flavin, and per mole of flavin 86 to 90 moles 
of amino acid and 1 mole of P, was fractionated further in two 
parts, D8A (300 myumoles) and D8B (1.26 uwmoles). D8A was 
adjusted to pH 7.8, and placed on a 1.9- X 13-cm column of 
DEAE-cellulose, phosphate cycle, equilibrated with 0.0025 m 
potassium phosphate, pH 7.6. After 15 tubes (5.4-ml fractions) 
had been collected, a gradient elution technique was applied 
(1000 ml of 0.0025 m phosphate, pH 7.6, in the mixing vessel, 
0.5 m phosphate, pH 6.6 in the reservoir). A single flavin band 
was eluted in tubes 42 to 48, with an amino acid-flavin ratio 
of 14. It was desalted by putting it on a column of Dowex 50, 
H+ cycle, and eluted, after washing with 1 Nn HCl and HO, 
with 0.3 M ammonium acetate, pH 8.0. Ammonium acetate 
was removed by sublimation. D8B was chromatographed on 
DEAE-cellulose, phosphate cycle, as detailed in Fig. 5. Two 
bands of flavin were separated by the procedure (Fig. 5A), the 
second of which (D8B-II) was degraded with renal phosphatase 
and passed once more through a similar column (Fig. 5B). The 
amino acid and phosphorus contents of these bands are given 
in Fig. 5 and Table IV. 

The isolation of D9 is described in the text. 

Flavin concentrations were calculated from the molar extinc- 
tion coefficients at 450 mu of FAD (e = 11.3 * 10° em? mole-) 
(31), FMN or riboflavin = 12.2 10% cm? mole!) (32), 
depending upon whether the compound was in the dinucleotide, 
mononucleotide, or unphosphorylated form. 


RESULTS 


Binding of the Prosthetic Group 


Table I documents the fact that the treatment of succinic 
dehydrogenase preparations with strong acids in the cold fails 
to liberate more than a small fraction of their flavin content. 
Although this treatment would quantitatively extract the flavin 
from all other known flavoenzymes, with succinic dehydrogenase 
preparations of varying purity, the yield of flavin in the extract 
was always far less than 1 mole per mole of enzyme (7.e. 200,000 
to 240,000 g of protein) and the precipitated protein was visibly 
yellow. Other procedures of denaturation, such as boiling in 
water, in 50 per cent ethanol, or in the presence of the detergent 
Duponol-PC, or treatment with concentrated urea solutions 
were equally ineffective in separating the flavin from the enzyme. 
The small amount of flavin released by boiling or exposure to 
cold acids (Table I), which gave a typical flavin spectrum and 
could be identified essentially quantitatively as FAD by the p- 
amino acid oxidase test, undoubtedly originated from flavo- 
protein impurities (cf. below). 

Degradation of the purified enzyme by proteolytic digestion 
was accompanied by a gradual loss of color, which was thought 
to be due to the rupture of iron-protein bonds (13) and by an 
increase in the characteristic fluorescence of flavins. Although 
the absorption spectrum of native succinic dehydrogenase is 
atypical of simple flavoproteins (5), the clear, yellow solution 
obtained upon centrifugation of preparations, after proteolytic 
digestion and boiling, showed an absorption spectrum very sim- 
ilar to that of known flavins in the visible range, with a charac- 
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teristic maximum at 450 my. The amount of flavin liberated 
by this procedure, calculated on the basis of the molar extinction 
coefficient of free FAD (31) was approximately 1 mole per mole 
of enzyme, provided that a suitable correction was made for 
the purity of the enzyme (Table I). 

That the easily liberated FAD originates from impurities and 
not from succinic dehydrogenase itself is shown by the following 
facts. (1) The amount of FAD released by acid is inversely 
related to the purity during the terminal stage of the purification 
of the enzyme. (2) During the third (NH4).SO, fractionation 
in the isolation of the enzyme (5), some fractions may yield a 
large amount of acid-liberable flavin and little succinic dehy- 
drogenase and vice versa. (3) In the best preparations the 
moles of flavin released by proteolytic digestion minus that ex- 


‘tracted by cold acid usually correspond to the molar concen- 


tration of succinic dehydrogenase (cf. preparations SD12 and 
$D14-15, Table I). Thus, if trichloroacetic acid extraction 
before digestion is omitted, as in the experiments of Tables I 
and II, a certain amount of FAD is usually found in the digest. 
This contamination varied from as little as 7 per cent to as much 
as 40 per cent of the total flavin, depending on the preparation; 
the usual range was 15 to 20 per cent. The quantity of FAD 
identifiable in the digest correlated with the amount of flavin 
that can be acid-liberated in the preparation (Table I). It is 
important to emphasize that in view of the low flavin content 
of succinic dehydrogenase (1 mole of flavin per 200,000 to 
240,000 g of protein) and the considerably higher concentration 
in typical flavoproteins (1 mole per 35,000 to 70,000 g), traces 
of flavoprotein contaminants, barely detectable by physical 
criteria, may contribute sizeable amounts (15 to 30 per cent) 
to the total flavin content of a sample. 

_ The rate of liberation of the flavin of succinic dehydrogenase 
by proteolytic digestion depends on the kind and amount of 


TABLE I 
Flavin content of succinic dehydrogenase 


Purity of the various preparations estimated from their specific 
activities as compared with a homogeneous preparation (5). Acid 
extraction was carried out at 0° with either perchloric acid (final 
concentration, 0.7%) or trichloroacetic acid (final concentration, 
5%). Proteolytic digestion was effected by incubation with tryp- 
sin and chymotrypsin, usually 0.1 mg of each per mg of protein 
being digested, for 2 to 4 hours at 38°. Flavin content was deter- 
mined from the optical density at 450 my, assuming e = 11.3 X 
10? cm? mole“. 


Moles of flavin liberated per 200,000 
protein 
Enzyme Purity 
y proteolysis, 
extraction | acid or 

$D105-2 0.90* 0.16 0.75 
$D107-3 0.85 0.11 

SD1-1 0.72 0.17 0.68 
SD1-2 0.60T 0.18 0.75 
$D10 0.85-0.90 0.85 
$D12 >0.95* <0.05 1.00 
$D14-15 0.50 0.05 0.49 


* Purity estimated also from electrophoretic analysis. 
t Purity estimated also from electrophoretic and ultracentrifu- 


gal analyses. 
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boxypeptidase preparation had not been treated with diisopropy] 


Flavin liberation from a partially purified preparation of succinic fluorophosphate (34). 


dehydrogenase by limiting amounts of trypsin 
and carboxypeptidase 

Eight-mg samples of succinic dehydrogenase (purity = 0.50 
from specific activity (5)) were incubated with 0.08 mg of crys- 
talline trypsin in 0.04 m Tris buffer, pH 7.8, or with 0.08 mg of 
crystalline carboxypeptidase in 0.04 m Tris buffer-0.3 m NaCl, pH 
7.8, for the periods stated. The reaction was stopped by addition 
of trichloroacetic acid to a concentration of 5%. The resulting 
precipitates were collected by centrifugation, resuspended, neu- 
tralized, and further digested with 0.8 mg each of trypsin and 
chymotrypsin for 4 hours at 38° at pH 7.4 to 7.8. 


Flavin distribution after trichloro- 
acetic acid precipitation 
Treatment 
men 
Supernatant | precipitate 
mpmoles mymoles 
A | 0.01 mg trypsin per mg protein 9.2* 19.2 
at 25°, 0 time 
Same after 2 hours 16.1 13.9 
Same after 6 hours 19.5 10.2 
B | 0.01 mg carboxypeptidase per 9.2* 19.2 
mg protein at 25°, 0 time 
Same after 2 hours 9.9 19.6 
Same after 24 hours 11.3 17.7 


* The flavin (FAD) liberated by cold acid without proteolytic 
digestion originates from flavoprotein impurities in the succinic 
dehydrogenase preparation. 
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Fic. 1. Absorption spectrum of flavin fraction D4B in water. 
Flavin concentration, 1.33 1075 


proteolytic enzyme used (Table II) and on the conditions of 
digestion. Trypsin, chymotrypsin, and the crystalline protein- 
ase from Bacillus subtilis (33) readily degrade native succinic 
dehydrogenase extensively so that its flavin moiety becomes 
soluble in trichloroacetic acid, whereas treatment with carboxy- 
peptidase is ineffective. The small amount of flavin liberated 
by carboxypeptidase in Experiment B of Table II was probably 
due to the presence of a trace of chymotrypsin, since the car- 


Chemical Nature of the Extracted Flavin 


Absorption Spectrum—Digests of succinic dehydrogenase, after 
a few purification steps, exhibit a 3-banded absorption spectrum 
with maxima at 450, 350, and 262 to 265 mu and minima at 
390, and 305 my (Fig. 1). The 450 mu peak is reducible with 
hydrosulfite. The absorption ratios at 260:450 mu and 350:450 
my are about 4.0 and 0.76, respectively. Thus, while the spec- 
trum resembles that of FAD (maxima at 450, 375, 263 mu, 
minima at 400 and 305 my, 260:450 my and 375:450 mu ratios 
3.27 and 0.82, respectively (31, 32)), it differs from the latter in 
that the 375 my peak of FAD is shifted to 350 my and the 
260 :450 my ratio is higher than in FAD. 

The exact location of the 350 mu band is somewhat variable 
in different fractions isolated from succinic dehydrogenase, rang- 
ing from 345 to 355 muy, and the optical ratio at 350:450 my 
may be as high as 1.0. Some of this variation may be the 
consequence of trace contamination with ultraviolet-absorbing 
materials originating from ion exchange resins, and some may 
be due to pH differences, as illustrated in Fig. 2. At pH 3, 
this flavin preparation shows an absorption maximum at 340 to 
345 mu, and a minimum at 385 to 390 muy, the 345:450 ratio 
being 0.98, whereas at pH 7.6, the peak is shifted to 350, the 
minimum to 390 to 395, and the 350:450 ratio is 0.92. It is 
also possible, since proteolytic digests contain more than one 
flavin compound, that the exact location of ultraviolet absorp- 
tion peaks varies because of differences in the amino acid com- 
position of the postulated peptide component. 

The fact that light absorption at 375 my is always lower than 
in FAD shows, however, that a genuine shift of this band to a 
shorter wave length has occurred and that the 350 my band 
is not merely due to the presence of an additional absorbing 
group.’ This characteristic spectral shift must represent a 
rather stable molecular structure, since it remains essentially 
unaltered through a systematic degradation of the flavin dinu- 
cleotide ‘to the mononucleotide and to the dephosphorylated 
flavin level (Fig. 2) and even through boiling for 1 hour in 1 
N HCl. The 345 to 350 my band may also be observed in the 
difference spectrum of the fully activated, native enzyme fol- 
lowing reduction by succinate (6) or after treatment with p- 
mercuriphenylsulfonate, a reagent which cleaves certain iron- 
protein linkages and thus reveals the spectrum of the tightly 
bound flavin group (35, 36). 

Evidence for Dinucleotide Structure—Evidence that the flavin 
component of succinic dehydrogenase is a dinucleotide containing 
5’-AMP has been obtained from analyses of several purified 
fractions for total P, AMP, and ribose content and from enzy- 
matic degradation of the compound. Some typical analyses 
showing the presence of 2 atoms of P, 1 mole of ribose, and 1 


3 We have previously reported the occurrence of small amounts 
of flavin in digests of succinic dehydrogenase with a normal flavin 
spectrum, along with compounds of the type described here which 
show a 350 mu peak (13). It is now clear that the former, as well 
as all of the activity in the p-amino acid oxidase test, were due to 
a larger contamination with FAD in the digests than had previ- 
ously been found. At that time, the importance of exhaustive 
extraction of the enzyme with trichloroacetic acid prior to diges- 
tion, and the great difficulty in obtaining reliable separations 
on paper chromatograms in the presence of large amounts of pep- 
tide material were not fully appreciated. 
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mole of AMP are summarized in Table III. Since proteolytic 
digests of the dehydrogenase contain several chromatographically 
distinct flavins, there are included in Table III analyses of 
crude fractions (D1), which, although mixtures of flavins, are 
representative of the total flavin released from the enzyme, as 
well as some more purified ones (D3 and D4B), which represent 
the main flavin component in digests. In D3 and D4B, AMP 
was identified also by its Rp value in chromatographic systems, 
which coincided with authentic 5’-AMP. 

The 2 halves of the dinucleotide are joined by a pyrophosphate 
bond as shown by the following observations. Treatment with 
nucleotide pyrophosphatase releases 1 mole of AMP which is 
not identifiable chromatographically or with adenylic deaminase 
before cleavage of the dinucleotide. The same treatment slightly 
alters the Rp value of the flavin in paper chromatographic sys- 
tems (Rr of D4B before nucleotide pyrophosphatase = 0.1 in 
butanol-acetic acid, 0.27 in tert-amy] alcohol-ethyl alcohol-H,0, 
50:70:70 (volume to volume);? Rp after nucleotide pyrophos- 
phatase = 0.075 in butanol-acetic acid; 0.21 in tert-amy] alcohol) 
and changes the absorption spectrum in the same way as does 
hydrolysis of FAD to FMN. In the latter case, the 450 mu 
band shifts to 445 my, and the 263 my band to 266 mu. At 
the same time, owing to loss of the adenine moiety (32), the 
260:450 my ratio is reduced to 2.22. With the flavin from suc- 
cinic dehydrogenase, hydrolysis of the pyrophosphate linkage 
also causes a shift of the 450 mu maximum to 445 my, and the 
262 to 265 my peak shifts to 268 my, the 260:450 my ratio being 
reduced from approximately 4.0 to approximately 2.8 to 2.9. 

Degradation of the Flavin Mononucleotide Fragment—The flavin 
mononucleotide fragment released by the action of nucleotide 
pyrophosphatase or by brief hydrolysis with 1 N HCl at 100°, 
after separation from the adenine-containing moiety by chroma- 
tography on paper or ion exchange resins, has been further de- 
graded by the action of highly purified alkaline phosphatase 
from kidney or intestinal: mucosa. The resulting dephospho- 
rylated compound migrates quite differently from both the 
parent mononucleotide and authentic riboflavin in paper chro- 
matographic systems. It may be further distinguished from 
riboflavin by its failure to be extracted by benzyl] alcohol from 
aqueous solutions (Table IV), and by its low fluorescence at 
neutral pH and anomalous absorption spectrum. 

In experiments dating to the early phase of this investigation, 
of which the upper part of Table IV is an example, the scarcity 
of material did not permit the routine analyses of samples for 
total phosphorus content at various stages of the enzymatic 
degradation. More recently, thanks to a very sensitive and 
reliable micromethod for phosphorus analysis (18), it has been 
possible to show that following hydrolysis of the pyrophosphate 
linkage the presumed mononucleotide indeed contains 1 atom 
of P per mole of flavin and that the action of alkaline phos- 
phatase on the mononucleotide results in a dephosphorylated 
flavin (Table IV, D7, D8B). 

Lumiflavin Degradation—Since the adenine-containing portion 
of the parent dinucleotide did not appear to differ from AMP 
itself, and since the anomalous absorption spectrum, abnormally 
low fluorescence at neutral pH, and distinctive chromatographic 
behavior persisted throughout the degradation to the dephos- 
phorylated flavin, it was of interest to subject the compound to 
the lumiflavin degradation. In part, the purpose of this was 
to gather further evidence that the compound was indeed a 
derivative of riboflavin, since all known naturally occurring 
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Fig. 2. Effect of pH on the absorption spectrum; ©, flavin ad- 
justed to pH 7.55 with NH,OH; X, flavin adjusted to pH 3.0 with 
acetic acid. Final concentration of flavin, 2.75 K 10-5 m. The 


flavin used was a dephosphorylated preparation, D8B-I (band I 
in the chromatography illustrated in Fig. 5). 


III 
Evidence for dinucleotide structure 


Flavin preparations and analyses were as described under ‘‘Ma- 
terials and Methods.’’? D1-I and D1-II were the major and minor 
bands, respectively, in the paper chromatographic isolation of 
D1. With fraction D1-I, AMP was determined directly on an 
aliquot after hydrolysis by nucleotide pyrophosphatase. With 
D3 and D4B, following nucleotide pyrophosphatase treatment, 
the material, as well as a control sample of AMP, were chromato- 
graphed on Whatman No. 3 paper, using the solvent pair ethanol- 
0.1 Mm Na-acetate, pH 4.6 (1:1, volume to volume), ascending 
system, for D3, and the tert-amyl alcohol system? for D4B. Fol- 
lowing elution of the quenching spots from paper, the materials 
were analyzed for AMP and suitable corrections were made for 
similarly treated filter paper blanks. 


Analytical values (moles per mole of flavin) 
Compound or AMP 

fraction 

Total P Ribose 

D1-I 1.97 0.85 
D1-II 2.07 
FAD 0.86-0.89 1.0 
D3 0.92 0.76 
D4B 1.09 1.05 
AMP 1.04 1.06 


forms of riboflavin yield lumiflavin on irradiation in alkaline 
solution (31) and, in part, it was hoped that if the difference 
between the dephosphorylated succinic dehydrogenase flavin 
and riboflavin were only in the attachment of some grouping 
to the ribityl portion of the former, then alkaline irradiation 
might convert it to free lumiflavin. 

As may be seen in Table V, irradiation in alkali indeed degrades 
the compound, as judged by a major change in Rp value, but 
the product of degradation is readily distinguishable from lumi- 
flavin by its different Rr value and its failure to be extracted 
from acid solution by chloroform. These observations suggest 
that the point of difference between the original dinucleotide 
and FAD is in the isoalloxazine ring itself and that, like the 
dephosphorylated flavin, the photolytic product of the compound 
is more water soluble than riboflavin and lumiflavin. This would 
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TaBLe IV 
Degradation of flavin with phosphatase 

Digestion with intestinal phosphatase was performed in 0.05 m 
Tris buffer, pH 7.8, for 1 to 2 hours at 38° and with renal phospha- 
tase in 0.1 m Veronal, pH 8.4, in the presence of 0.02 m Mg** at 
38° for 45 minutes. The amount of enzyme used was 10 times that 
required for complete hydrolysis of an equal concentration of 
FAD or FMN. For other conditions see ‘‘Materials and Meth- 
ods.”’ 


Rr 
Moles |Extrac- 3 
Compound or fraction | = 
flavin | alcohol) = 
saa rH 
= 
Riboflavin 90 | 0.34 | 0.30 
FMN 10 | 0.10 | 0.50 
FAD 5 | 0.05 | 0.39 
FAD after intestinal phosphatase* 89 | 0.29 | 0.31 
D2 after intestinal phosphatase* 10 
D4B 0.08 | 0.81 
D4B after intestinal phosphatase* 0.03 | 0.62 
D5 | 0.11 | 0.67 
D5 after intestinal phosphatase 0.02 | 0.57 
D7 1.00 0.12 | 0.70 
D7 after renal phosphatase 0.06 7 | 0.04 | 0.60 
D8B 0.98 
D8B after renal phosphatase 0.00 


* Commerical intestinal phosphatase contains both alkaline 
phosphatase and phosphodiesterase. 


TABLE V 
Degradation of flavin by irradiation in alkaline solution 
The samples were irradiated in 0.5 to 1 N NaOH for 1 hour at 
0° with a 100 watt bulb. Before extraction with 2.4 volumes of 
CHCl;, they were acidified to below pH 1 with 6 Nn HCI; for chro- 
matography aliquots were neutralized with 1 nN HCl. The Rp 
values in parentheses were minor fluorescent spots. 


Rp in butanol-acetic acid Extraction by 
Compound or fraction acid CHCl; after 
Before irradiation | After irradiation irradiation 
% 
FAD 0.04 0.35 51 
FMN 0.12 0.37 
Riboflavin 0.29 0.37 (0.27) 53 
Lumiflavin 0.37 to 0.40 
D2 4.5 
D4A 0.04 (0.17) | 0.21 (0.17) <5 


imply the presence of a strongly hydrophilic group in the mol- 
ecule which is absent in riboflavin and lumiflavin. 
Fluorescence—Further evidence for the flavin nature of the 
prosthetic group came from studies on the characteristic flavin- 
type fluorescence it exhibits. Fig. 3 shows that the fluorescence 
emission spectrum of the compound isolated from succinic de- 
hydrogenase and degraded to the mononucleotide level is very 
similar to that of FMN. As mentioned above, at neutral pH 
the succinic dehydrogenase flavin shows an abnormally low flu- 
orescence even in the mononucleotide and phosphate-free forms, 
as compared with riboflavin and FMN. The fluorescence, how- 
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ever, increases enormously upon acidification. Thus, a spot on 
a paper chromatogram, containing sufficient amounts of a flavin 
fraction derived from succinic dehydrogenase to be visible by its 
color, is devoid of fluorescence at neutral or basic pH values 
under ultraviolet light. Upon spraying the chromatogram with 
dilute acetic acid, however, the fluorescence appears dramat- 
ically. This characteristic pH dependence of the fluorescence 
of the flavin is illustrated in Fig. 4, which includes for comparison 
the pH-fluorescence curves of riboflavin and FMN. It may be 
noted that while on the acid side of pH 3.2 the fluorescence-pH 
curve of the compound at the mononucleotide level closely 
resembles that of FMN, at pH values higher than 3.2 there is 
extensive internal quenching. It appears that there is a group- 
ing present in the compound with an apparent pK of 4.3, which 
is responsible for the quenching. It is emphasized that this 
quenching is not related to the less extensive internal quenching 
of FAD, which is due to the AMP residue and shows a different 
pH curve (37, 38), since in the succinic dehydrogenase flavin 
it may be observed at the mononucleotide and the dephospho- 
rylated flavin levels. 

At the pH of optimum fluorescence, the succinic dehydro- 
genase flavin (mononucleotide level) exhibits essentially the 
same molar fluorescence as riboflavin (Fig. 4). 


Evidence for Flavin Peptide Structure 


The experiments presented in the foregoing sections show that 
the prosthetic group of succinic dehydrogenase, liberated by the 
action of proteolytic enzymes, is a flavin dinucleotide not iden- 
tical with FAD. The differences from FAD persist through 
systematic degradation to the lumiflavin level, and it may rea- 
sonably be concluded, therefore, that a substituent on the iso- 
alloxazine ring, not present in known riboflavin derivatives, is 
present in the compounds derived from the dehydrogenase. An 
interpretation consistent with all known data is that in the 
native enzyme the FAD component is bound by covalent linkage 
to the protein and that during digestion proteolysis stops at 
points determined by the specificity of the proteolytic enzymes 
used; thus, the resulting digest would contain the flavin still 
attached to a peptide chain. This hypothesis readily accounts 
for the consistent finding that tryptic or tryptic-chymotryptic 
digests contain several chromatographically distinct flavins, all 
of which differ from FAD and FMN (12, 39). It also explains 
the increased water solubility of the compound at the dephos- 
phorylated level (failure to be extracted by benzyl alcohol) and 
after lumiflavin degradation (lack of extraction by CHCl;). The 
presence of a peptide chain might account for the inactivity of 
the dinucleotide in the p-amino acid oxidase test in terms of 
interference with the combination of the flavin with the apo- 
enzyme and, provided that the peptide were bound to the iso- 
alloxazine ring in a fashion which changed the resonance of the 
latter, it would also account for the shift in the absorption spec- 
trum and the strong internal quenching of fluorescence above 
pH 4. 

Ideally, rigorous proof of the flavin-peptide hypothesis would 
require the isolation of one or more of the compounds in suffi- 
cient quantity to permit establishing its homogeneity beyond 
doubt, followed by suitable structural characterization. The 
experimental difficulties have been such that, despite consid- 
erable effort, this goal thus far has only been closely approached, 
but not attained. The amount of flavin obtainable for study 
is limited by the availability of the starting material, since the 
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method for isolating the dehydrogenase is laborious and gives 
poor yields. The isolation of a pure flavin fraction is rendered 
difficult by instability of the flavin, and by the fact that it must 
be separated not only from a large excess of nonflavin peptides, 
but also from other closely related flavin peptides. 

In the early part of our work, purification of the flavins was 
accomplished mainly by repeated cycles of chromatography on 
filter paper sheets in various solvent systems. Although the 
filter paper used had been thoroughly washed with acetic acid 
and water, blank eluates of the paper carried through the puri- 
fication in a parallel fashion were found to accumulate peptide 
impurities from the paper, which, while not great in quantity, 
assumed significance as the yield of flavin gradually diminished. 

Although some data obtained with material purified by paper 
chromatography is presented later, it was thought desirable 
to isolate the flavin by other methods, utilizing only mate- 
rials which were reliably free of amino acid impurities. Chro- 
matography on ion exchange resins proved most valuable for 
purification purposes; its application led to the isolation of a 
flavin peptide in apparently pure state and has also provided 
information on the chemical nature of the flavins. 

Behavior on Ion Exchange Resins—The strongly amphoteric 
nature of the flavin from the dehydrogenase is well illustrated 
by experiments with ion exchange resins. The following anion 
exchangers held the flavin, as might be expected, in its mono- 
nucleotide or dinucleotide forms: Dowex 1 and 3, acetate cycle, 
Amberlite IR-45, acetate cycle; and DEAE-cellulose, in the 
acetate, formate, and phosphate cycles. Chromatography with 
the first three of these resins resulted in considerable destruction 
of the flavin, and satisfactory results were obtained only with 
DEAE-cellulose. Chromatography on DEAE-cellulose, with 
the exchanger in the phosphate form, is illustrated in Fig. 5A. 
The flavin was separated into two major bands, the first of which 
(I) was not held by the column. Phosphorus analysis indicated 
that most of the material in this band was dephosphorylated 
(0.24 atoms P per mole of flavin) ,* whereas that in band II, which 
was held by the column, was in the mononucleotide form (Table 
IV, Fraction D8B). With less pure preparations, resolution of 
the flavin held by the column into several components may be 
accomplished by means of a suitable gradient elution system. 
After removal of salt, the flavin in band II was treated with 
alkaline phosphatase and again chromatographed, this time ap- 
pearing in the effluent in about 80 per cent yield (Fig. 5B). No 
further flavin was recovered on application of gradient elution. 
The dephosphorylation was confirmed by phosphorus analysis 
(Table IV, D8B). 

More recently, for the separation of phosphorylated and de- 
phosphorylated forms of the flavin, we have used DEAE-cellu- 
lose in the acetate cycle. The flavin is put on the column in 
2% (volume to volume) pyridine solution, and the dephosphoryl- 
ated form is washed through with the same solvent. Although 
this procedure is less satisfactory than that described in Fig. 5 
for separation of individual flavins from each other, it affords 
a ready separation of phosphorylated from unphosphorylated 
flavins and avoids the need for desalting. (Electrolytic desalting 

4 We have frequently observed the breakdown of the mono- 
nucleotide form to the dephosphorylated flavin during the course 


of purification. It is possible that some of this may occur on 
Dowex 50 columns. Also, these samples are generally kept at pH 


3 to 4 in order to visualize the flavin by its fluorescence. The 
maximum rate of hydrolysis of FMN to riboflavin occurs at pH 
4.0 (40). 
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Fig. 3. Fluorescence emission spectra of FMN and flavin D8A. 
Ordinate: fluorescence in arbitrary units under the experimental 
conditions. Abscissa: wave length of emitted light. Each com- 
pound was excited at its wave length of maximum excitation (370 
my for FMN, 345 to 350 mu for D8A) and at a pH where its fluores- 
cence was maximal: 2.0 X 10-* m FMN in 2.4 X 10°? Mm acetate, 
pH 5.3, and 2.1 X 10-* m D8A in 2.4 KX 10°? m glycine, pH 3.2. 
The instrument used was a Farrand spectrofluorometer, equipped 
with a 1P21 photomultiplier tube. The nominal slit widths 
were 20 muy; the primary filter was Corning no. 7-54, the second- 


ary filter, Corning no. 3-73. The results are uncorrected for the 


variations in the spectral response of the photomultiplier tube or 
for the variations of the energy output of the xenon light source 
with wave length. 


o oO 


% FLUORESCENCE 
OO 


NM 
O 


Fic. 4. pH-Fluorescence curve of the flavin. The instrument 
used was a Farrand photoelectric fluorometer with the filters rec- 
ommended by the manufacturer for riboflavin determination and 
riboflavin was employed as an internal standard. The flavin 
mononucleotide (D8A, noted as SD flavin in the figure) was present 
at4.11 X 10-*mconcentration. Each point represents the average 
of triplicate determinations. The pH values on the abscissa are 
those of the sample taken immediately after measurement of the 
fluorescence intensity. The buffers used (all 0.03 m) were: below 
pH 3.62, glycine; pH 3.62 to 5.11, acetate; pH 5.11 to 7.30, phos- 
phate. For comparison the pH-fluorescence curves of FMN and 
of riboflavin (RF), published by Bessey et al. (37), are included. 


of flavins causes excessive destruction; thus, desalting must be 

accomplished by additional ion exchange chromatography.) 
Although the behavior of the flavin on anion exchangers is as 

might be expected for riboflavin and its nucleotides, its behavior 
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Fiac. 5. Chromatography of flavinon DEAE-cellulose. A (left). 
1.3 wmoles of the flavin preparation D8B, adjusted to pH 7.8 to 
8.0, was placed as a narrow band on a 1.9- X 17-cm column of 
DEAE-cellulose, phosphate cycle, which had been equilibrated 
with 0.0025 m ammonium phosphate, pH 7.6, and 5-ml fractions 
were collected at a flow rate of 10 to15 ml perhour. The column 
was washed with the equilibrating buffer and at tube 39 (indicated 
by arrow), a gradient elution was started with 1000 ml of the same 
buffer in the mixing vessel, and 0.5 M ammonium phosphate, pH 
6.6,in the reservoir. Band I (tubes 3 to 15) contained 530 mumoles 
of flavin (amino acid to flavin ratio = 55) and band II (tubes 51 
to 65), 408 myumoles (amino acid to flavin ratio = 36). B (right). 
band II from Fig. 5A was treated with renal phosphatase and re- 
chromatographed as above except that the column dimensions 
were 1.0 X 19 cm, the flow rate was 4 to 6 ml per hour, and 2-ml 
samples were collected. The band obtained amounted to 270 
mymoles, amino acid to flavin ratio = 15. Ammonium phosphate 
was removed from the samples by chromatography on Dowex 50, 
H* cycle (see text), before analysis. 
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Fic. 6. Chromatography of the flavin in dinucleotide form on 
Dowex 50. Flavin D9, 3.6 umoles, obtained by proteolytic diges- 
tion (see Table VI) was adjusted to pH 5.0 with acetic acid and 
placed on a 3.8- X 37.5-cm column of Dowex 50-X4, 200 to 400 
mesh, NH,* cycle, which had been equilibrated with 0.2 m am- 
monium acetate-0.2 m acetic acid, pH 5.0. Volumetric collection 
was applied (5-ml samples), with a flow rate of 10 ml per hour. 
At the points indicated by arrows the eluent was changed to 0.2 
M ammonium acetate buffers, pH 6.0 and 9.5. The yield of flavin 
(tubes 46 to 51) and the amino acid to flavin ratio in the eluate are 
given in Table VI. 
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Fic. 7. Chromatography on Dowex 50 of the flavin in the mono- 
nucleotide and dephosphorylated forms. The preparation used 
was D6, following chromatography on Florisil and acid hydrolysis. 
A column of Dowex 50”-X4, 200 to 400 mesh, NH,* cycle, 1.6 * 25 
cm, was equilibrated with 0.2 M ammonium acetate-0.2 m acetic 
acid, pH 4.0, and 1.33 uwmoles of the flavin were put on the column 
at pH 4.0. Volumetric collection (6.5-ml samples) was applied, 
with a flow rate of 21 ml per hour. The results are shown in the 
upper part of the figure. At the points indicated by arrows, the 
eluent was changed. The flavin in the effluent (tubes 6 to 12) was 
identified as FMN; the main band (tubes 92 to 111) amounted to 
750 mumoles. The latter was united with the same fraction ob- 
tained from an identical chromatography of 1.33 uwmoles of addi- 
tional material and was dephosphorylated with highly purified 
intestinal phosphatase.5 Following deproteinization with tri- 
chloroacetic acid and adjustment to pH 4.0, 1.15 wmoles were again 
chromatographed on Dowex 50, under identical conditions. The 
results are shown in the lower part of the figure. 


on cation exchangers is altogether different. Columns of Dowex 
50-NH,*, 4 per cent crosslinked, equilibrated at pH 4 with 0.2 
M acetate, bind strongly the succinic dehydrogenase flavins, and 
several flavin bands are usually seen on development of the col- 
umns. FAD and FMN are not held by the resin under these 
conditions, and riboflavin itself is only slightly retarded. Com- 
parison of Figs. 6 and 7 shows that the flavin is progressively 
more strongly held on the resin as the anionic phosphate groups 
are removed during degradation. In the H* cycle, the resin 
held the flavin so strongly that elution with 1 N HCl proved in- 
effective, and conversion to the NH,* cycle with ammonium 
acetate solutions was necessary to bring off the flavin. This 
procedure was useful, however, for desalting, since ammonium 
acetate could be removed by sublimation. 

The flavin could also be held on the cation exchange resin 
Amberlite CG-50 (IR-C-50) in the H+ cycle, but not in the Nat 
cycle. Elution was readily accomplished with dilute HCl, but 
with very little separation of peptide impurities. 

It is thus apparent that the flavin contains a basic group, 
which, in accord with the flavin-peptide hypothesis, may be 
part of an amino acid residue combined with the flavin. 

Reaction with FDB—In earlier work, attempts were made to 
demonstrate the presence of a peptide chain as an integral part 
of the flavin structure by the isolation of a dinitropheny]! deriva- 
tive. The formation of such a derivative, it was hoped, would 
be detectable from an increase in the ratio of light absorption at 


5 The author is indebted to Dr. M. Schlamowitz for the gift of 
this material. 
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350 to 450 mu, since DNP-peptides generally absorb strongly at 
350 my (41), but very little at 450 my, while the flavin absorbs 
nearly equally at both wave lengths. If the absorptions of the 
two chemical groupings were additive, it could be calculated that 
this ratio would be 1.8 for a flavin plus one end group, and 2.3 
for two end groups per mole. 

When flavin fraction D4B, which gave a single yellow band on 
paper chromatography in the butanol-acetic acid solvent system, 
was carried through the dinitrophenylation procedure, and the 
reaction products chromatographed in the same system, several 
yellow bands appeared, the main one of which had a 350:450 
mu absorption ratio of 2.3 to 2.4. Essentially the same optical 
ratio (2.1) was observed after chromatography in the tert-amyl 
alcohol system or after ionophoresis on filter paper (pH 5.0, ace- 
tate buffer, 1 = 0.1, 0.125 ampere, constant current) (ratio = 
2.4). 

The calculation of the moles of DNP-groups per mole of flavin 
from these results and from the theoretical ratios given above is 
rendered difficult by the following facts, obsérved in a number of 
experiments with different samples of flavins. (1) Flavins which 
had given but one band on paper chromatograms invariably gave 
several after treatment with FDB, with considerable diffuse 
streaking of yellow material to the solvent front. (2) A major 
decrease in absorption at 450 my was apparent, even before 
chromatography of the products. In the absence of FDB, the 
flavin is stable under the conditions of the reaction, and FAD 
and riboflavin can be recovered essentially quantitatively with 
unaltered chromatographic behavior and absorption spectra af- 
ter the dinitrophenylation reaction. It would appear then that 
as a result of the reaction, the succinic dehydrogenase flavin is 
either largely destroyed or the resulting compound or compounds 
absorb light much less at 450 my than the parent flavin. The 
reaction can nonetheless be used for end group analysis, and de- 
termination of the amino acid content, as described below. 

Amino Acid Content of Flavins Purified by Paper Chromatog- 
raphy—Despite the difficulties noted above in the isolation of a 
DNP-flavin peptide, when flavin D4B was treated with FDB 
and hydrolyzed immediately, without prior chromatography, for 
end group and amino acid analysis, a single end group, serine, was 
recovered in approximate molar ratio to the flavin used (0.69 
mole per mole) and 8 additional amino acids were found in satis- 
factory yields (aspartate, glutamate, serine, glycine, threonine, 
proline, alanine, valine, 0.4 to 0.7 moles per mole of flavin). 
Similar data were obtained with flavin D4A, which was the same 
flavin preparation, but which had been carried as the mono- 
nucleotide through the same purification procedure. The data 
were not considered unequivocal, however, since a number of 
these amino acids were also present in the filter paper blank, 
although in lower concentration (approximately 20 to 30% as 
much). These data are presented here because they are in essen- 
tial agreement with those reported below for a pure fraction iso- 
lated by column chromatography. 

Isolation of a Flavin Peptide by Ion Exchange Chromatography 
—A sample of flavin, D9, which we believe to be completely free 
of contaminating peptide material, was prepared as follows (Ta- 
ble VI). Proteolytic digestion of the dehydrogenase was carried 
out after removal of acid-soluble flavins by 4 extractions with 
trichloroacetic acid in the cold, as described under ‘Flavin Prep- 
arations.”” The digested material was chromatographed as the 
dinucleotide on Dowex 50 (Fig. 6) and again after hydrolysis to 
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the mononucleotide form. An aliquot of the flavin was next 
taken up in a minimal volume of the tert-amyl alcohol solvent 
mixture and applied to a column (1.3 X 15 cm) of DEAE-cellu- 
lose in the acetate cycle, which had been suspended in and equi- 
librated with the same solvent mixture. Most of the peptide 
material is found in the effluent from such a column, while most 
of the flavin moves exceedingly slowly. After prolonged washing 
with the original solvent mixture, the eluent is changed to mix- 
tures of ethanol and 1 M acetic acid, starting with ethanol-1 m 
acetic acid (70:30, volume to volume), and continuing, if neces- 
sary, with a 30:70 (volume to volume) mixture, to hasten the 
elution. The flavin was eluted in this case with ethanol made 
to 70% with 1 M acetic acid and the ethanol and acetic acid were 
removed from the eluate by vacuum distillation. 

The dried flavin was taken up in a minimal volume of 2% 
pyridine and placed on a column (1.2 20 em) of DEAE-cellu- 
lose, acetate cycle, briefly washed with 2 per cent pyridine until 
the pH of the effluent reached 7.6 to 8.0. The band of flavin 
which was washed through the column with 2% pyridine was 
the fraction used for further work. 

Chromatography of 10 mumoles of the flavin in the butanol- 
acetic acid system revealed a single flavin spot, and a barely de- 
tectable trace of ninhydrin-reactive material migrating away from 
the flavin. The flavin itself gave a negative ninhydrin reac- 
tion, but after 1 or 2 days in the dark a slight graying or brown- 
ing was noted in the area delineated by the flavin fluorescence. 

Amino Acid Content of Flavin Isolated by Ion Exchange—A 
10-mymole sample of the compound isolated (Table VI, Step 5) 
was hydrolyzed in 6 N HCl for 18 hours at 95°. Following re- 
moval of the HCl, paper chromatography of the hydrolysate on 
Whatman No. 1 paper in the butanol-acetic acid system revealed 


TaBLeE VI 
Purification of flavin-peptide (D9) 

For the starting material, approximately 400 beef hearts were 
used to prepare 2.0 g of succinic dehydrogenase at an estimated 
purity of 0.44 (5). The enzyme was digested (Step 1) as described 
under ‘‘Flavin Preparations.’’ Step 2 is described and illustrated 
in Fig. 6. Step 3 was essentially as described in Fig. 7; column 
dimensions were 2.2 X 27 cm; flow rate, 10 to 15 ml per hour; 
volumetric collection, 5.0-ml fractions. Steps 4 to 6 are described 


in the text. Step 6 is illustrated in Fig. 8. 
Animes of Yield of | Ratio of 
Step flavin flavin in | total ami- 
used in main no acids 
step fraction* | to flavin 
myumoles | myumoles 
1. Digest (D9) 4400 | 3650 | 2430 
2. Dowex 50, pH 5 band 3600 1490 439 
3 


. 100°, 10 min. at pH 0, followed by 


Dowex 50 1140 711 194 
4. DEAE-cellulose, TAAT system | 420 292 
5. DEAE-cellulose, pyridine system  —s_-270 168 6-7} 
6. Paper chromatography, in butanol- | 

acetic acid 120 55 6§ 


* Refers to main band isolated in chromatographic procedures. 

+ TAA = ftert-amyl alcohol. 

t Amino acid content estimated from paper chromatography of 
hydrolyzed sample after ninhydrin spray. See text. 

§ Amino acid content estimated by FDB method: See text and 
‘‘Analytical.”’ 
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Fic. 8. Paper chromatography of flavin preparation D9. The 
flavin fraction obtained in Step 5, Table VI (120 mumoles), was 
applied in a 1.5-cm streak to a 37- X 50-cm sheet of Whatman No. 
1 paper and developed in descending fashion in butanol-acetic 
acid. O = origin; F = flavin fluorescence; N = positive reaction 
with ninhydrin spray. Of the flavin spots, F, was the major one 
(55 mumoles), F; a minor one (2 to 3 mumoles), and F; to F's were 
only traces of fluorescence. 


6 to 7 amino acid spots, which were tentatively identified as 
valine or methionine, alanine, threonine and/or glutamic acid, 
glycine and serine, plus a faint spot in the arginine-histidine- 
lysine area. The intensity of color was close to that of 10-my- 
mole aliquots of known amino acids run as controls on the same 
paper. 

In order to ascertain that none of these amino acids belonged 
to the small peptide impurity noted in the chromatogram of the 
unhydrolyzed material, the rest of the sample was subjected to 
chromatography in the butanol-acetic acid system, which had 
proved to be the most effective means of freeing the flavin from 
the residual ninhydrin-positive impurities, and at the same time 
allowed the most sensitive detection of such impurities. (The 
Whatman No. 1 paper used here had been continuously washed 
for three weeks, in chromatographic fashion, successively with 
0.5 nw NaOH, H.O, 1 n HCl, H:O, 1 acetic acid, and H;0. 
Water eluates of such papers (10-cm? areas), hydrolyzed in 6 N 
HCl, gave negative tests in the quantitive ninhydrin method.) 
Descending chromatography of the flavin was allowed to proceed 
for about 24 hours; the solvent reached the end of the paper 
after about 12 hours. Fig. 8 illustrates the results. One major 
flavin (F:) is evident. The dotted line indicates the area of 
flavin (F.) cut from the paper; triplicate blank pieces of paper 
were taken from exactly corresponding areas of the chromato- 


gram. 
After the flavin had been cut from the paper, a strip was cut 
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from its perimeter to be used for testing its purity with ninhydrin 
along with the rest of the chromatogram. This strip, and the 
area of the chromatogram surrounding F: gave no trace of color 
with ninhydrin. The only ninhydrin-positive areas detectable 
were discretely separated from the flavin by some distance (Fig. 
8, N). | 

The flavin eluted from the paper amounted to 54 to 55 mu- 
moles, and exhibited all of the noteworthy characteristics de- 
scribed earlier in this paper, 2.e. solubility in H,O, fluorescence 
only at acid pH, anomalous absorption spectrum (absorption 
maxima at 445, 350, and 269 mu). The absorption ratios 350: 
450 mu and 260:450 my were 0.82 and 2.9, respectively. Phos- 
phorus analysis revealed 0.18 atoms of P per mole of flavin, which 
was less than the phosphorus content of the equivalent amounts 
of paper blanks. The flavin was therefore at the riboflavin 
level,’ in agreement with its failure to be held on the DEAE- 
cellulose column. 

A 10 mumole aliquot of the eluted flavin was hydrolyzed in 6 
N HCl to determine the kind of amino acids present. At the 
same time, equivalent amounts of the three paper blanks, and a 
mixture of 10 mumoles of each of the commonly occurring amino 
acids were hydrolyzed as controls. After removal of the HCl, 
each sample was chromatographed two dimensionally (solvents: 
butanol-acetic acid, followed by phenol-NHs3); after removal of 
the phenol, the spots were visualized with ninhydrin. The three 
paper blanks each showed one barely detectable trace of purple 
color in the vicinity of glutamic-aspartic acids. The flavin hy- 
drolysate showed spots, matching in intensity and color those 
on the control amino acid map, in the location of glutamic acid, 
threonine, glycine, alanine, valine, or methionine, and a more 
heavily staining spot corresponding to serine. In addition, a 
weekly staining spot was visible in the lysine-histidine area, and 
very faint spots in the arginine and aspartic areas. The valine- 
methionine spots from the flavin hydrolysate and from the con- 
trol amino acid map were subjected to the chloroplatinic acid- 
iodide reaction to test for methionine (24). The control paper 
gave a weak, but definitely positive reaction, whereas the flavin 
hydrolysate was unequivocally negative. It was concluded, 
therefore, that this spot was valine, not methionine. It will be 
noted that the amino acid composition was essentially the same 
as before this last chromatographic purification of the flavin. 

On the basis of these results, a quantitative analysis was car- 
ried out by the FDB method. Forty myumoles of flavin, an 
equivalent amount of paper blank, and 40 myumoles of serine 
were each reacted with FDB, and the excess reagent was re- 
moved at the end of the reaction. To the sample of 40 mumoles 
of serine so treated, were now added 40 mumoles each of serine, 
alanine, threonine, glycine, valine, and glutamic acid, and 20 
mumoles each of aspartic acid, histidine, lysine, and arginine. 
Thus, this mixture resembled that expected in the flavin sample, 
with serine included as an N-terminal group, but with rather 
larger amounts of the last 4 amino acids than would be expected 
from the amino acid map just described. The 3 samples were 
then hydrolyzed in 6 n HCl, and after hydrolysis the end groups 
were extracted into ether. 

The aqueous phase was not examined separately for ether- 
insoluble end groups since the basic amino acids were present in 
very low concentrations, as judged from the ninhydrin-developed 
amino acid map, but instead was treated once again with FDB 
to determine the additional amino acids present. The results 
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from these analyses for the flavin hydrolysate and the control 
amino acid mixture are given in Table VII. 

Only one end group, identified as DNP-serine, was recovered 
from the flavin hydrolysate, in slightly greater yield than was 
obtained with the control amino acid mixture. On rechromatog- 
raphy in 1.5 m phosphate, pH 6.0, this sample separated into 
two spots, the major one being DNP-serine, and a trace spot 
being DNP-glycine. No end group was recovered from the hy- 
drolyzed paper blank. 

Examination of the aqueous phases after the second reaction 
with FDB revealed only a trace of arginine, identified by the 
Sakaguchi reaction, in the flavin hydrolysate and nothing in the 
paper blank. 

The amino acids recovered from the ether phase after the 
second dinitrophenylation reaction included serine, threonine, 
glutamate, alanine, and valine, in amounts very close to those 
obtained with the control amino acid mixture (Table VII). The 
paper blank hydrolysate revealed only barely detectable traces 
of yellow color in the glycine and glutamate-aspartate areas. 

From this, it would appear that these 5 amino acids are pres- 
ent in the isolated flavin in a mole-to-mole ratio, with a second 
molecule of serine being present as an N-terminal group. 

The amino acids detected by the ninhydrin method in trace 
amounts were also found in this analysis, in very low amounts 
(2 to 3 mumoles each of arginine, histidine, and aspartic acid). 
These substances may be impurities, or they may be components 
of another flavin peptide present in very small amounts. 

The last amino acid to be mentioned is glycine, which is pres- 
ent in significant amounts, though far less than required for a 
mole-to-mole relationship (Table VII). It is possible that de- 
struction of glycine was somehow enhanced in the flavin sample 
during the analysis, and that the amino acid is, in fact, part of 
the same peptide chain as the other 5 amino acids. It is also 
possible that glycine is the penultimate amino acid grouping, 
and that DNP-serine is lost from the peptide chain to some ex- 
tent during dinitrophenylation of the chain, with resultant con- 
version of some of the glycine to a DNP-end group. DNP-gly- 
cine would be destroyed to a significant extent during hydrolysis 
(25). Some evidence for a breakdown of this type comes from 
an experiment carried out with a different flavin preparation as 
a prelude to the work with this final material. The flavin used 
in this case behaved chromatographically like D9, contained by 
ninhydrin analysis 7 to 8 amino acids per mole, and by qualita- 
tive examination was found to contain serine, threonine, glu- 
tamate, glycine, alanine, and valine or methionine. Again the 
serine spot was of heavier intensity than the other amino acids 
after ninhydrin. This flavin was treated with FDB, and after 
removal of the excess reagent, it was acidified and extracted, first 
with ether, then with ethyl acetate, before hydrolysis. The 
amounts available were too small to permit quantitative evalua- 
tion of the amino acids present, but no end group could be found 
in either the aqueous phase or ethyl acetate extract. In the 
ether extract made before hydrolysis, however, DNP-serine was 
recovered. This might indicate that the peptide chain becomes 
less stable after dinitrophenylation. 


DISCUSSION 


The experiments described establish that the prosthetic group 
of mammalian succinic dehydrogenase is a flavin dinucleotide 
composed of 5’-AMP in pyrophosphate linkage with a mononu- 
cleotide portion resembling FMN. Those properties of the di- 
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TABLE VII 
Amino acid analysis of purified flavin (D9) 
Flavin Control amino Molar ratio,* 
DNP-amino acid hydrolysate to 
mumoles mumoles 

Glycine 9.8 24.0 0.41 
Serine 27.6 28.3 0.98 
Glutamate-aspartate 15.5 24.4 0.95 
Alanine 22.6 21.3 1.06 
Valine 21.0 20.6 1.02 
Threonine 22.1 21.3 1.04 
N-terminal group 
Serine 22.0 18.3 1.2 


* The molar ratio is calculated after correcting the amount of 
amino acid found for the losses observed in the control amino 
acid mixture. 


nucleotide which are at variance with FAD are referable to the 
flavin moiety, since the adenine-containing half of the molecule 
is identical with 5’-AMP. The observed differences from FAD 
have been explained by the demonstration that a peptide chain 
containing 6 amino acids in equimolar proportion to the flavin, 
is an integral part of the molecule as it is obtained by proteolytic 
digestion of the dehydrogenase. Although there is no reason to 
suspect the contrary, there is as yet no direct proof that the 
flavin portion is riboflavin itself, since no method has been found 
to degrade the compound to riboflavin or one of its known deriva- 
tives. That the compound contains the isoalloxazine ring struc- 
ture is strongly suggested by the similarity of its absorption and 


fluorescence spectra to those of authentic flavins, and by the fact 


that its molar extinction coefficient at 450 my is essentially the 
same as that of FAD. 

Attempts to determine the nature of the side chain in the 
9’-position of the flavin by periodate degradation, using the spec- 
trophotometric method (42), gave results consistent with the 
presence of a ribityl side chain. Thus, fraction D4B, isolated 
by paper chromatographic procedures, gave 4 moles of periodate 
uptake per mole of flavin, as required for FAD plus a serine end 
group in the peptide chain, but the results were not considered 
conclusive because of the large blank subtraction necessitated by 
impurities originating from filter paper. 

As briefly reported some years ago (12), the growth activity of 
a partially purified dinucleotide preparation for Lactobacillus 
caset had been assayed by Dr. E. E. Snell. The sample gave a 
growth curve characteristic of riboflavin and its nucleotides, but 
was only 29% as active as FAD on a molar basis. Although the 
sample contained too small an amount of known flavins, originat- 
ing from contaminating flavoenzymes in the succinic dehydro- 
genase preparation, to account for these results (FAD content, 
4% by p-amino acid oxidase; lumiflavin yield approximately 9%), 
it would be nonetheless desirable to repeat this determination 
when sufficient quantities of the pure flavin-peptide become 
available. 

If the effect of irradiation in alkali (Table V) is interpreted as 
analogous to a lumiflavin degradation, it would follow that the 
point of attachment of the peptide chain is on the isoalloxazine 
ring. This is also suggested by the altered absorption spectrum, 
since changes in the substituent in the 9-position of the ring have 
little influence on the spectra of isoalloxazine derivatives, whereas 
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changes in the ring substitutents do (43, 44). The periodate 
data, mentioned above, are also consistent with this localization, 
since the ribityl side chain appears to be unsubstituted. 

An absorption spectrum similar to that of the succinic dehydro- 
genase flavin is obtained with FMN in alkaline solution (>pH 
11), under which conditions the 375 my absorption maximum is 
shifted to 355 my (45). At this pH, one of the carbonyl] groups 
of FMN (or riboflavin) is enolized and ionized, and the fluores- 
cence of the compound is lost (46, 47). This similarity might 
suggest that the peptide chain in the flavins isolated here is at- 
tached to the NH-CO group of the isoalloxazine ring in such a 
fashion as to cause or stabilize the enolization of a carbonyl 
residue, with a resultant shift in absorption maximum from 375 
to 350 mu. The analogy with the behavior of riboflavin is im- 
perfect, however, for although the spectral shift of FMN in 
alkaline solution is accompanied by loss of fluorescence, the 350 
my band of the flavin peptides is manifest at pH values where 
fluorescence is very strong (pH 2 to 4), as well as at somewhat 
higher pH values where it is quenched (pH 5.0). 

The finding of an N-terminal group on the peptide chain, in 
the absence of constituents like lysine or cystine, would imply 
that the peptide chain is bound to the flavin at the carboxy] end, 
but as yet neither the identity nor the mode of attachment of 
the amino acid bound to the flavin is known. It remains possi- 
ble that the acid hydrolysis used in this work for rupture of pep- 
tide bonds fails to break the linkage of the C-terminal amino acid 
to the flavin ring, since it was repeatedly observed that the 
(main) fluorescent product resulting from hydrolysis of the 
flavin in 6 N HCl was chromatographically distinct from the acid 
degradation products of known flavins. 

The prosthetic group isolated from pig heart succinic dehydro- 
genase by the Chinese investigators is in most respects apparently 
identical to that of the beef heart enzyme. In a publication 
(39) which became available to us only recently, they describe 
the isolation of four flavins from the enzyme, of which one con- 
tained 12 amino acids and the other three a considerably higher 
number. The amino acids were not identified (other than that 
cysteine was present) and the degree of purification achieved is 
not clear. Nonetheless, the flavin is like that from beef heart in 
absorption spectrum, absence of lumiflavin formation, and ade- 
nine content. A discrepancy exists in their finding of a much 
higher ribose content than in FAD, and of 2.6 atoms of P per 
mole, but this perhaps may be accounted for by impurities from 
the materials used for purification, e.g. filter paper. The major 
difference is in their report of cysteine in their preparations. 
Cystine and cysteine have not been detected in our preparations 
either before or after hydrolysis by either the nitroprusside or 
platinic-iodide reactions (24). This difference may reflect the 
higher amino acid content of their preparations or a species dif- 
ference in the structure of the two proteins. 


SUMMARY 


1. Unlike other known flavoproteins, in which the flavin is 
relatively loosely bound and is easily liberated by suitable meth- 
ods of denaturation, in succinic dehydrogenase from beef heart 
the flavin component is so tightly held that neither treatment 
with strong acids nor thermal denaturation separates it from the 
protein. 

2. Extensive digestion of the purified dehydrogenase with 
suitable proteolytic enzymes liberates the flavin in an acid-solu- 
ble form, which is not, however, identical with known derivatives 
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of riboflavin. The flavin appears in the digest in several chro- 
matographically distinct forms, which may be separated from 
each other by purification on ion exchange resins or by chro- 
matography on filter paper. 

3. The main flavin components have been extensively purified 
and degraded to the mononucleotide and dephosphorylated 
flavin levels. The dinucleotide contains 1 mole of 5’-adenylic 
acid, 2 atoms of phosphorus bound in pyrophosphate linkage 
and 1 mole of ribose. It differs from authentic flavin adenine 
dinucleotide (FAD) in numerous regards, including its inactivity 
in the D-amino acid oxidase test, shifted absorption spectrum, 
shifted pH-fluorescence curve, and in the presence of cationic 
group(s). After degradation to the mononucleotide and dephos- 
phorylated flavin level, similar differences exist between the re- 
sulting compounds and authentic riboflavin 5’-phosphate and 
riboflavin, respectively. Irradiation in alkali degrades the flavin 
further, but the resulting compound is not identical with lumi- 
flavin. | 

4. These differences and the greater water solubility of the un- 
phosphorylated compound as compared with riboflavin are 
best explained by the hypothesis that the flavin in the dehydro- 
genase is held to a peptide chain by a covalent linkage which 
survives proteolytic digestion. The compounds in the digest, 
therefore, would be peptides of FAD, representing fragments of 
the original enzyme. 

5. Evidence for the flavin peptide hypothesis has come from 
the finding that throughout very extensive purification by a 
variety of methods the flavin is always accompanied by peptide 
material. In the most purified fraction, believed to be free of 
contaminating peptides, alanine, serine, threonine, glutamic acid, 
and valine were present in molar ratio to the flavin and an addi- 
tional mole of serine was present as N-terminal group. Similar 
amino acid compositions were found in 2 other samples, purified 
by different procedures. 

6. Evidence pertaining to the flavin peptide hypothesis and 
the possible structure of the flavin is discussed. 
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It now seems likely that the principal pathway of propionate 
oxidation by mammalian tissues (3-8) involves activation of 
propionate (Equation 1), 


Propionate + ATP + CoA — propionyl-CoA + AMP + PP; (1) 
carboxylation of propionyl coenzyme A according to Equation 2, 
Propionyl-CoA + ATP + ‘‘CO,”’ 

= methylmalonyl-CoA + ADP + Pj 


(2) 


transcarboxylation (6) involving methylmalonyl coenzyme A 
and an additional mole of propionyl coenzyme A as shown in 
Equation 3, 

Methylmalonyl-CoA + propionyl-CoA 


(3) 
= propionyl-CoA + succinyl-CoA 


and subsequent oxidation of succinyl coenzyme A by way of the 
tricarboxylic acid cycle (Equation 4). 


CO. + BO + CoA (4) 


Although purified enzymes which catalyze these reactions 
(Equations 1 to 3) have been obtained, the most definitive ex- 
periments assessing the relative importance of the “carboxyl- 
ation” pathway were conducted by Daus et al. (9), Lorber 
et al. (10), and Shreeve (11). Their observations that complete 
randomization of the 2 and 3 carbon atoms of propionate oc- 
curred during its conversion to glucosyl units (carbon atoms 1, 
2, 5, and 6), acetyl units (carbon atom 2), and lactate (carbon 
atoms 2 and 3) implicated a metabolic pathway involving a 
symmetrical intermediate. This intermediate was shown to be 
succinate by Flavin and Ochoa (3) with the use of pig heart 
preparations and by Lardy and Adler (8) with the use of rat and 
bovine liver mitochondrial extracts. Both enzyme preparations 
catalyzed the ATP-, magnesium ion-dependent carboxylation 
of propionyl-CoA. ‘Tietz and Ochoa (7) have reported a 500- 
fold purification of the pig heart propionyl] carboxylase and have 
studied its properties extensively. 

Propionate is recognized (12-14) as one of the principal prod- 
ucts of carbohydrate fermentation by the microorganisms in- 
habiting the rumen of ruminant animals. It has been reported 
(15, 16) that the oxidative metabolism of propionate, acetate, 


* This investigation was supported by the National Science 
Foundation, Research Grant 05580. 3 

t Preliminary reports of this work have been presented before 
the Forty-ninth and Fiftieth annual meetings of the American 
Society of Biological Chemists (1, 2). 


and butyrate provides a high percentage of the energy require- 
ment of ruminant animals. In this regard, propionate occupies 
a unique position of metabolic importance in ruminants com- 
pared to monogastric animals. The partial purification and 
properties of propionyl carboxylase isolated from ruminant 
liver mitochondria is the subject of investigations reported in 
this paper. 


EXPERIMENTAL 


Material and Methods—Coenzyme A, ATP, and AMP were 
purchased from Pabst Laboratories. Propionyl-CoA, acetyl- 
CoA, and butyryl-CoA were prepared according to the method 
of Simon and Shemin (17). After acidification to pH 3.0, 
nitrogen was bubbled through the acyl-CoA solution for 10 
minutes to remove excess bicarbonate. The pH was then read- 
justed to 6.0 with dilute NaOH. C**-Bicarbonate obtained 
from Volk Radiochemical Company was diluted with Tris buffer, 
pH 8.5, in order to minimize the loss of C'*-bicarbonate. Suc- 
cinic acid-1 ,4-C™ was also obtained from the Volk Radiochemi- 
cal Company. Adenosine diphosphate-8-C™“ purchased from 
Schwarz Laboratories, Inc., contained small amounts of C"- 
ATP and C¥-AMP; calculations in ADP-8-C"™ exchange experi- 
ments were corrected for this. Carrier-free H3P#O, obtained 
from the Oak Ridge National Laboratory was diluted to the 
appropriate concentration with unlabeled K:,HPO, Methyl 
malonic acid was prepared (3) from diethyl methyl malonate 
obtained from Sapon Laboratories. Glutathione was obtained 
from the California Corporation for Biochemical Research and 
aluminum hydroxide gel (alumina gel Cy) and glucose 6-phos- 
phate dehydrogenase from the Sigma Chemical Company. 
Avidin (2500 units per g), biotin, glucose 6-phosphate, and 
hexokinase were products of the Nutritional Biochemicals Cor- 
poration. Crystalline yeast inorganic pyrophosphatase was 
generously provided by Dr. M. Kunitz of the Rockefeller In- 
stitute for Medical Research. Methods for analysis of ortho- 
phosphate and protein were those of Lowry and Lopez (18) 
and Lowry et al. (19), respectively. 

Propionyl Carborylase Assays—In the initial studies a mano- 
metric assay employing conventional Warburg respirometers 
was used. The reaction mixture included in a total volume of 
1.65 ml (in wmoles): propionyl-CoA, 3.0; KHCOs;, 5.0; ATP, 
7.5; MgCl, 7.5; Tris, pH 8.5, 50; and enzyme. All reagents 
were prepared with carbon dioxide-free water. The reaction 
was initiated by tipping in propionyl-CoA; after a 20-minute 
incubation at 37° the reaction was stopped and the bicarbonate 
released by tipping in 0.4 ml of 10 n H2SO,. The number of 
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microliters of CO. consumed is equal to the difference in micro- 
liters of CO2 released from flasks with and without propionyl- 
CoA added. The reaction followed first-order kinetics under 
these conditions, as illustrated in Fig. 1. This assay method 
was found impractical for use in enzyme purification due to the 
uncontrollable variation in CO: content of enzyme fractions 
prepared by different fractionation procedures. _ 

In order to circumvent this problem, the CO, fixation car- 
boxylase assay of Flavin et al. (4) was adopted with some modi- 
fication. This procedure involved determining the amount of 
CO. fixed by a reaction mixture containing, in a final volume 
of 1.5 ml, the following components in umoles: Tris, pH 8.5, 
100; GSH, 5; MgCl, 4; ATP, 4; propionyl-CoA, 1; KHC™“O; 
(specific activity, 30,000 to 50,000 c.p.m. per umole), 15; and 
enzyme (containing up to 0.27 enzyme unit). This mixture is 
designated as the complete incubation mixture. Assays were 
conducted at 37° for 20 minutes after which the reaction was 
stopped by the addition of 0.2 ml of 20% trichloroacetic acid. 
To the mixture were then added 0.2 ml each of 10% sucrose and 
0.5% ‘“Sparkleen” detergent (Fisher Scientific Company). 
After centrifugation an aliquot of 0.6 ml was placed on an alumi- 
num planchet, covered with a piece of lens paper, the planchet 
dried on a steam bath, and the amount of radioactivity fixed 
determined with the use of a gas flow counter. Suitable cor- 
rections were made for absorption due to the lens paper and for 
counter efficiency. The amount of CO, fixed (c.p.m. from the 
sample) /(c.p.m. per umole of HC'*O;-) was determined assum- 
ing that the reaction mixture contained 5 wmoles of bicarbonate 
in addition to the 15 wmoles added; the former figure was veri- 
fied manometrically with Warburg respirometers. One unit of 
enzyme defined by Flavin et al. (4) is the amount of enzyme 
catalyzing the fixation of 1.0 umole of COz per hour under the 
conditions of the assay, and the specific activity is expressed as 
units per milligram of protein. 

Under the conditions described, the carboxylation reaction 
followed zero-order kinetics as shown in Fig. 2. 


Purification of Propionyl Carborylase 


All operations were conducted at 0° unless otherwise speci- 
fied. The steps employed in the purification procedure are 
summarized in Table I. 

Mitochondrial Acetone Powder—The preparation of the mito- 
chondrial acetone powder represents a modification of the pro- 
cedure described by Drysdale and Lardy (20). One kilogram 
of fresh bovine liver was cut into small chunks and homogenized 
in 2 liters of ice-cold 0.25 m sucrose for 2 minutes at top speed 
in a Waring Blendor (4 liter capacity). One additional liter of 
sucrose was added and the mixture rehomogenized for 30 sec- 
onds. The homogenate was then centrifuged at low speed 
(1,900 x g) for 10 minutes and the supernatant retained and 
centrifuged in a refrigerated Sharples centrifuge at 62,000 x g 
at a flow rate of 0.4 to 0.5 liter per minute. The mitochondria 
were resuspended in 300 ml of 0.25 m sucrose, and then centri- 
fuged at 25,000 x g for 20 minutes with a Servall angle centri- 
fuge (SS-1 rotor). The mitochondrial pellet was resuspended in 
a minimal volume (approximately 100 ml) of 0.25 m sucrose and 
added slowly, with stirring, into 20 volumes of ice-cold redis- 
tilled acetone. The precipitate collected by low speed centrif- 


ugation was resuspended in 350 ml of redistilled acetone, cen- 
trifuged, similarly washed twice with peroxide-free diethy] ether, 
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Fig. 1. Kinetics of the manometric propionyl carboxylase as- 
say. Fifteen units of propionyl carboxylase (acetone powder 
extract) were incubated with the conditions described in the 
text for the manometric propiony! carboxylase assay. 


0.10 


wu MOLES FIXED 


| 
10 


TIME IN MINUTES 


Fic. 2. Kinetics of the C**O, fixation assay. Aged acetone 
powder extract (0.27 unit) was incubated with the complete re- 
action mixture and the number of umoles of CO, fixed determined 
with the use of the CO, fixation assay. See text for the com- 
position of the reaction mixture and details of the assay. 


TABLE [ 
Purification of propionyl carbozylase from bovine liver 


Vol- |Enzymatic| Pro- 


Specific 
ume | activity® | tein ay Yield 


Stage of purification activites 


units/mg % 


ml unils mg protein 


1. Acetone powder extract®..., 100 | 3150 | 600 5.2 | 100 
2. Aged acetone powder ex- 

100 | 3150 | 600 5.2 | 100 
3 0.45-0.55 (NH,)2S0O, frac- 

100 | 2460 | 110} 22.3 78 
4. Aluminum hydroxide gel 

supernatant............... 200 | 1150 20 57.0 36 


¢ Enzyme activity determined with the use of the CQ: fixa- 
tion propionyl carboxylase assay described in the text. 

>’ Carboxylase activity not accurately assayable until acetone 
powder extract stage. 
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TaBLe II 
Requirements of mitochondrial propionyl carborylase system 


Three milligrams of fresh acetone powder extract were incu- 
bated for 20 minutes at 37° with various modifications of the com- 


plete system which included (in ymoles): Tris, pH 8.5, 50; ATP, 
7.5; MgCle, 7.5; KHCO;, 5.0; and propionyl-CoA, 3.0. 


System CO: fixed? 

pmoles 

Complete 1.8% 
1.8 

ATP omitted 0.0° 
0.0 

MgCl. omitted 
0.3 

Propionyl-CoA omitted 0.2¢ 
0.0 

Enzyme omitted 0.04 
0.0 


@ Determined by the use of the manometric assay described in 
the text. 

’ Complete system minus propionyl-CoA served as negative 
control. 

¢ Complete system minus enzyme served as negative control. 

¢Complete system minus enzyme, reaction stopped at zero 
time, served as negative control. 


TaBLe III 
Substrate specificity of mitochondrial propionyl carbozrylase 
In addition to 1.0 wmole of the appropriate acyl-CoA deriva- 
tive, the following components were added (in wmoles): Tris, pH 
8.5, 100; ATP, 4; MgCle, 4; GSH, 5; KHC'40;, 15; and enzyme. 
To tubes containing acetyl-CoA and butyryl-CoA, 1.02 units, and 
tubes containing propionyl-CoA, 0.20 unit of dialyzed ammonium 
sulfate-purified propionyl carboxylase were added. Final volume 


1.5 ml. Incubated at 37° for 20 minutes. 
fixed HCO; fixed 
Treatment per hour per per hour per 
tube* mg of protein 
pmole pmoles 
| 0.200 33.3 
| 0.049 1.6 


*¢ Determined by the use of the C'*O, fixation assay described 
in the text. 


and stored at —20° after removal of ether under reduced pres- 
sure. 

Under these conditions, the acetone powder retained its 
original enzymatic activity for several months. An acetone 
powder extract was prepared by extracting 5 g of the dry ace- 
tone powder with 100 ml of 0.0025 m Tris, pH 7.2, for 30 minutes 
with occasional stirring, centrifuging at 12,800 x g for 10 min- 
utes, and retaining the supernatant, which contained 6 to 8 
mg of protein per ml. 

With certain preparations the step involving Sharples centrif- 
ugation (62,000 X g) was replaced by centrifugation at 25,000 
g for 20 minutes with the Servall centrifuge. The acetone pow- 
der extract obtained by the Servall procedure contained 13 to 15 
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mg of protein per ml and yielded succinate (or succinyl-CoA) ag 
sole reaction product; contrasted with a protein content of 6 to 8 
mg per ml and methylmalonyl-CoA as the sole reaction product 
when the Sharples procedure was used. The differences in reac- 
tion product appear to be attributable to the destruction of the 
methylmalony! isomerase reported by Beck et al. (6) under the 
more drastic aeration conditions of isolating mitochondria with 
the Sharples centrifuge. 

Aging—The acetone powder extract was held at 30° in a water 
bath for 20 hours with a drop of toluene added to minimize micro- 
bial action. Although a voluminous protein precipitate appeared 
after 20 hours of aging, no detectable carboxylase activity was 
lost. 

Ammonium Sulfate Fractionation—Saturated ammonium sul- 
fate! at room temperature was slowly stirred into the aged ace- 
tone powder extract at 0° to bring it to 45% saturation. After 
30 minutes the precipitate was removed by centrifugation. The 
supernatant was brought to 55% saturation with saturated am- 
monium sulfate, and after 30 minutes, centrifuged. This precip- 
itate was redissolved in 100 ml of 0.0025 m Tris, pH 7.0. The 
enzyme at this stage of purification lost activity slowly when 
stored at —20°. For certain experiments, the ammonium sulfate- 
purified enzyme was dialyzed against two changes (40 volumes 
each) of 0.0025 m Tris, pH 7.2, for 12 hours resulting in negligible 
loss of enzymatic activity. 

Aluminum Hydroxide Gel Purification—One hundred and ten 
milliliters of aluminum hydroxide gel (2 mg of gel per ml) to pro- 
duce a gel to protein ratio (weight for weight) of 2.0 were added 
with stirring to the redissolved ammonium sulfate-purified en- 
zyme. After 20 minutes the suspension was centrifuged and the 
supernatant containing the purified enzyme retained. 

Cofactor and Substrate Requirements for Carborylation Reaction 
—Several experiments were conducted to verify the requirement of 
ATP and magnesium ion for the carboxylation of propionyl-CoA 
observed by Lardy and Adler (8) and Flavin et al. (3). Data 
from a representative experiment summarized in Table ITI illus- 
trate that CO, fixation by the carboxylase system is dependent 
upon supplemental propionyl-CoA, ATP, and MgCl». 

The specificity of the ammonium sulfate-purified carboxylase 
was examined with several substrates (acetyl-CoA, propiony]- 
CoA, and butyryl-CoA?) since enzyme preparations with acetyl 
carboxylase activity have been described in several laboratories 
(21,22). The results (Table III) indicate that propionyl-CoA is 
carboxylated by this enzyme preparation at a much greater rate 
than either acetyl-CoA or butyryl-CoA. Butyryl-CoA was car- 
boxylated at a significant rate. Since there is precedent for the 
enzymatic a-carboxylation of propionyl-CoA with this enzyme 
preparation, and of acetyl-CoA with other preparations (21, 22), 
the product of butyryl-CoA carboxylation would be expected to 
be ethylmalonyl-CoA. To our knowledge, the metabolic sig- 
nificance of ethylmalonic acid has not been reported. 


Reaction Products of Carboxylase Reaction 


Since acetone powder extracts contain several enzymatic ac- 
tivities (ATPase, PPjase,? and adenylate kinase) which interfere 


1 Ammonium sulfate was saturated at room temperature and 
neutralized with NH,OH so that when diluted with 4 volumes 
of water the pH was 7.5. 

2The butyric anhydride used in the preparation of butyryl- 
CoA was analyzed gas chromatographically and found to be free 
of other low molecular weight aliphatic anhydrides including 
acetic and propionic anhydrides. 

3 The abbreviation PPjase is inorganic pyrophosphatase. 
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TABLE IV 


ATPase, inorganic pyrophosphatase, and adenylate kinase activity 
of ammonium sulfate-purified propionyl carboxylase 
Reaction mixtures contained (in wmoles): ATPase assay: Tris, 
pH 8.5, 100; ATP, 4.0; MgCl, 4.0; GSH, 4.0; KHCOs, 15.0; and 
carboxylase (final volume, 1.5 ml.). PPiase assay: Tris, pH 8.5, 
100; NasP20;, 5.0; MgClz, 4.5; GSH, 5.0; KHCO;, 15.0; and car- 
boxylase (final volume, 1.5 ml.). Adenylate kinase assay: Tris, 
pH 8.5, 100; glucose, 40.0; ADP, 4.0; MgCl2, 5.0; TPN, 2.0; hexo- 
kinase, 2.8 units; glucose 6-phosphate dehydrogenase, 1.1 units; 
and carboxylase (final volume, 3.0 ml.). ATPase and PPjase 
assays were conducted at 37° and adenylate kinase at 25°. 


ATPase, PPjase | Adenylate 
Propionyl 
Enzyme preparation carboxyl- : 
ase added in| FPi BY. (340 ATPNH 
(20 min- my) in7 in7 
| utes minutes minutes | minutes 
units umole pmoles pmole  ymole 
Acetone powder extract.... 1.00 | 0.08 1.18 
Acetone powder extract...) 0.80 0.784 0.379 
0.85 0.00 0.015 
(NH,)2SO,-purified........ 1.70 | 0.01 | 0.035 | 0.000 0.000 


with the identification of nucleotide and inorganic phosphate re- 


action products, it was necessary to use a more purified enzyme 
preparation containing negligible amounts of these activities. 
ATPase, PPiase, and adenylate kinase assays were conducted on 
the acetone powder extract and the ammonium sulfate-purified 
enzyme under conditions (see Table IV) comparable to those used 
for the identification of the nucleotide and inorganic phosphate 
reaction products. ATPase and inorganic pyrophosphatase ac- 
tivities were determined from the amount of orthophosphate 
formed during incubation. Adenylate kinase activity was deter- 
mined by coupling ATP formation from ADP with the combined 
hexokinase and glucose 6-phosphate dehydrogenase systems, and 
following the rate of TPNH formation spectrophotometrically at 
340 mu. As shown in Table IV, purification through the am- 
monium sulfate stage resulted in a carboxylase preparation either 
free of (adenylate kinase) or containing negligible amounts of 
(ATPase and PPjase) the interfering enzymatic activities. 
Carboxylation Product—Acetone powder extract, aluminum 
hydroxide gel-, and ammonium sulfate-purified enzyme prepared 
from liver mitochondria isolated by Sharples centrifugation were 
incubated with propionyl-CoA, HC™“O;- and other components 
of the complete incubation mixture. After the reaction was 
stopped and thiol esters hydrolyzed by the addition of NaOH, the 
reaction mixture was acidified and the free acids extracted contin- 
uously with diethyl ether for 24 hours. To similar reaction mix- 
tures, 1000 umoles of neutralized hydroxylamine were added at 
the end of the reaction and the resulting hydroxamates extracted 
(23). The free acids and hydroxamates were chromatographed 
ascending on Whatman No. 3MM filter paper with the use of the 
isoamy] alcohol saturated with 4 N formic acid solvent system (3). 
As shown in Table V, Experiment I, the single radioactive free 
acid and the single radioactive hydroxamate correspond to 
methyl malonic acid and methylmalonyl monohydroxamate, re- 
spectively. The primary carboxylation product, therefore, ap- 
pears to be methylmalony] CoA, which is in agreement with the 
work reported by Flavin et al. (4) with pig heart carboxylase. 
When mitochondrial isolation was accomplished with the use 
of the Servall centrifuge exclusively, C'-succinate (or succinyl- 
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CoA) rather than C!4-methylmalonyl-CoA accumulated in the re- 
action medium. This is verified by the data presented in Table 
V (Experiment II) and is substantiated further by the observa- 
tion that the radioactive reaction product isolated with carrier 
succinic acid exhibited constant specific activity through 5 re- 
crystallizations (670, 680, 700, 705, and 700 ¢.p.m. per mg). Ap- 
parently Sharples centrifugation resulted in the loss of methyl- 
malonyl isomerase activity. 

Nucleotide Reaction Product—In order to clarify the role of 
ATP in the carboxylation reaction, the nature of the nucleotide 
reaction product was investigated. Ten units of ammonium sul- 
fate-purified enzyme (essentially free of ATPase, PPiase, and 
adenylate kinase) were incubated with the complete incubation 
mixture containing an additional ymole of propionyl-CoA and the 
complete incubation mixture minus propionyl-CoA. After a 20- 
minute incubation at 37°, the reaction was stopped with tri- 
chloroacetic acid, the tubes chilled to 0°, and 300 mg of Norit A 
added. The suspension was centrifuged and the Norit washed 
once with ice-cold water. After elution of the nucleotides from 
the Norit with 4.0 ml of 10% aqueous pyridine, the filtered elu- 
ates were concentrated under reduced pressure at 5° and chroma- 
tographed descending on Whatman No. 3MM paper with the 
use of the isobutyric acid-concentrated NH,OH-water (66: 1:33) 
solvent system (24). Tracings of representative chromatograms 
of the nucleotides are shown in Fig. 3. Since ADP was the only 


TABLE V 


Identification of reaction products of carboxylase-catalyzed 
carbozylation of propionyl-CoA 

Reaction mixtures had approximately the same composition 
as that described for the CO, fixation carboxylase assay (see 
text). 20-minute incubation at 37°. In Experiment I enzymes 
were prepared from mitochondria isolated with a Sharples cen- 
trifuge, whereas in Experiment II a Servall centrifuge was used. 
See text for details. 


Re values 


Chromatogram 


Experiment I Experiment II 


0.68 
0.76° 


0.65 
0.77 


Reference 
Reference methyl] malonate....... | 
Reference methylmalonyl mono- | 
Enzymatic reaction product (alu- 
minum hydroxide gel-purified 
Enzymatic reaction product (ace- 
tone powder extract)........... 
Enzymatic reaction product (aged 
acetone powder extract)........ 
Enzymatic reaction product (ace- 
tone powder extract) plus refer- 
ence 0.767 and 0.632 
Hydroxamate of enzymatic reac- 
tion product (ammonium sul- | 
fate-purified enzyme)........... | 


0.384 


0.772 


0.672 


0.672 


0.672 


0.372 


*@ Radioactive spots located with a Nuclear-Chicago Actigraph 
II chromatogram strip counter. 

’ Unlabeled acids located with bromcresol purple spray in- 
dicator. 

¢ Methylmalonyl monohydroxamate prepared as described by 
Flavin and Ochoa (3). 

4 Hydroxamates located with FeCl; spray reagent. 
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Fic. 3. Chromatographic identification of the nucleotide re- 
action product of the carboxylation reaction. Tracings of the 
chromatograms viewed under ultraviolet light are shown. Chro- 
matogram 1: reference ATP, ADP, AMP, and propionyl-CoA; 
Chromatogram 2: nucleotides from the complete incubation mix- 
ture minus propionyl-CoA; Chromatogram 8: nucleotides from 
the complete incubation mixture; Chromatogram 4: same as 8, 
but cochromatographed with reference AMP; Chromatogram 5: 
same as 8, but cochromatographed with reference propionyl]-CoA. 


TABLE VI 


Stoichiometry of phosphate liberated and bicarbonate 
fixed in carboxylation of propionyl-CoA 

The reaction mixture contained (in wmoles): Tris, pH 8.5, 100; 
GSH, 5; MgCle, 4; ATP, 4; KHC"40;, (specific activity, 30,000 
c.p.m. per umole) 15; and 1.5 units of ammonium sulfate-purified 
enzyme. 1.0 umole of propionyl CoA and 0.5 unit of crystalline 
yeast PPjase were added as indicated. Final volume, 1.5 ml. 
The average values of orthophosphate liberated and HCO; fixed 
;n duplicate incubations at 37° for 20 minutes are listed. 


Orthophosphate liberated 
Additions to \HCOs- fixed® 
ota - 
umole pmole pmole 
Propionyl CoA and PPjase..... 0.41 0.36 0.34 


* Determined by the use of the C'*O; fixation assay described 
in the text. 


new nucleotide spot to appear as a result of the addition of propi- 
onyl-CoA to the reaction mixture, it was concluded that ADP is 
the nucleotide reaction product of the ATP-dependent carbox- 
ylation reaction. 

Inorganic Phosphate Reaction Product—Since ADP was formed 
as a product of the ATP-dependent carboxylation reaction, in- 
organic orthophosphate formation was also anticipated. This 
determined by incubating carboxylase, free of PPiase, in the pres- 
ence and absence of propionyl-CoA and measuring orthophos- 
phate liberation. The results summarized in Table VI show that 
orthophosphate was formed. Failure to increase orthophosphate 
liberation by the addition of crystalline yeast PPiase indicates 
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FIXED PER HOUR 
° 


MMOLES HCO; 


MG. AVIDIN 


Fig. 4. Inhibition of propionyl carboxylase by avidin. The 
avidin-treated carboxylase was appropriately diluted and as- 
sayed with the use of the C’*O, fixation assay (see text for de- 
tails). 


that pyrophosphate was not formed. Since there is close agree- 
ment between orthophosphate liberated (0.36 and 0.36 umole) 
and bicarbonate fixed (0.32 and 0.34 umole), it is evident that 1 
mole of ATP is consumed per mole of bicarbonate fixed (Table 
VI). 

Inhibition of Carboxylase Activity by Avidin—In an attempt to 
determine whether enzyme-bound biotin is involved in propiony] 
carboxylase action, graded amounts of avidin were preincubated 
at 0° for 10 minutes with 10 units (0.46 mg of protein) of ammo- 
nium sulfate-purified carboxylase. The inhibitory effect of avi- 
din on propiony] carboxylase activity is shown in Fig. 4. 

Tubes containing 2.0 ml (0.23 mg) of dialyzed ammonium sul- 
fate-purified enzyme were preincubated, respectively, with avi- 
din; avidin, then biotin; or avidin preincubated with biotin at 0° 
for 10 minutes. The results summarized in Table VII show that 
the inhibition of carboxylase activity was prevented by prein- 
cubation of avidin with an excess of biotin. However, when a 
limiting amount (1.25 wg) of biotin was preincubated with avidin 
(0.5 mg), before incubation with enzyme, only partial inhibition 
was observed. The inhibition of carboxylase activity could not 


TaBLe VII 
Effect of biotin on avidin inhibition of propionyl carboxylase 
After the various pretreatments, the enzyme was appropriately 
diluted and assayed for propionyl carboxylase activity by the 
use of the C'4O,-fixation assay described in the text. 


Pretreatment of propiony! carboxylase before assay yay granny 

umole 
0.1 mg of avidin, then 0.25 ug of biotin................ 0.44 
0.5 mg of avidin preincubated with 1.25 wg of biotin....| 0.24 
0.5 mg of avidin preincubated with 12.5 ug of biotin....| 0.54 


* Avidin preparation contained approximately 2,500 units per 
g- By definition (25) 1.0 unit of avidin combines with 1.0 ug of 
biotin. 
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be reversed after preincubation of avidin with enzyme before its 
incubation with excess biotin. Apparently the mechanism of ac- 
tion of the propiony! carboxylase under study involves the func- 
tional participation of biotin. 

P®-Orthophosphate and C4-ADP Exchange Experiments—The 
ATP requirement for propiony] carboxylase activity suggests that 
an ATP-dependent activation reaction is involved. Since the 
reaction products are ADP and orthophosphate, it seems likely 
that such an activation would involve the formation of an inter- 
mediate of the type R-ADP or R-phosphate. An experiment 
was conducted to determine the extent of enzymatic exchange of 
P*-orthophosphate with ATP in the presence of enzyme, enzyme 
and KHCOs, or enzyme, KHCOs, and propionyl-CoA. After in- 
cubation, the nucleotides were adsorbed on Norit A and eluted 
as described earlier in the text. The concentrated eluates were 
chromatographed on Whatman No. 3MM paper with the use of 
the double solvent system and procedure described by Krebs and 
Hems (26). The ATP spots, located under ultraviolet light, were 
cut out, eluted with water, and the specific activity calculated 
from the absorbancy at 259 my and radioactivity in the eluate. 
It is evident (Table VIII, Experiment I) that no significant P*- 
orthophosphate-ATP exchange occurred; therefore, the occur- 
rence of an enzyme-ADP- or X-ADP-type intermediate seems un- 
likely. 

When ADP-8-C" was used instead of labeled orthophosphate 
in a similarly conducted experiment, an enzyme-catalyzed ATP- 
ADP exchange was demonstrated (Table VIII, Experiment IT), 
which was bicarbonate and propionyl-CoA independent. This 
is suggestive of an enzyme-phosphate intermediate as shown in 
Equation 5. 


ATP + enzyme = enzyme-phosphate + ADP (5) 


However, final proof must await studies with homogeneous car- 
boxylase preparations. 


DISCUSSION 


The observation that avidin markedly inhibits propiony! car- 
boxylase activity (Fig. 4) implicates biotin as an essential pros- 
thetic group on this enzyme. The fact that this inhibition could 
be prevented by prior treatment of avidin with excess biotin in- 
dicates that the action of avidin on the carboxylase is probably 
biotin-specific. Similar effects of avidin on acetyl-carboxylase 
(27) and B-methyl crotonyl carboxylase (28) have been reported. 

Evidence for the participation of an “‘enzyme-biotin-CO,”’ in- 
termediate in the carboxylation of B-methyl crotonyl-CoA has 
been presented by Lynen et al. (28). Since propionyl carbox- 
ylase action also involves the participation of biotin, a similar in- 
termediate might be anticipated. In contrast to the results of 
Lynen et al. (28), purified propionyl carboxylase preparations 
failed to catalyze an exchange between P;*? and ATP, but did 
catalyze a bicarbonate- and propionyl-CoA-independent exchange 
between C4-ADP and ATP. It is unlikely that the incorpo- 
ration of C4-ADP into ATP was a result of net synthesis cata- 
lyzed by adenylate kinase since there was no incorporation of 
total radioactivity into AMP in the exchange experiments. Ade- 
nylate kinase was not detectable by direct assay in this enzyme 
preparation. It is conceivable that traces of adenylate kinase 
in the enzyme preparation could have been capable of catalyzing 
the C4-ADP-ATP exchange. The presence of nucleoside diphos- 
phokinase was not investigated. The following reactions are 
suggested as a possible mechanism for the enzymatic carboxyl- 
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VIII 
Incorporation of P**-orthophosphate and ADP-8-C'* into ATP 


In Experiment I, the control system contained (in smoles) 
Tris, pH 8.5, 100; ATP, 4; MgCl, 4; GSH, 5; and KzHP#20, (spe- 
cific activity, 1,000,000 c.p.m. per umole), 2. Other variable 
additions included 13 units of ammonium sulfate-purified car- 
boxylase, 15 wymoles of KHCO;, and 1.0 umole of propionyl-CoA. 
Final volume, 1.5 ml. 30-minute incubation at 37°. 

In Experiment II, the control system contained (in umoles) 
Tris, pH 8.5, 100; ATP, 2; MgCle, 2; GSH, 5; and ADP-8-C"4 (spe- 
cific activity, 266,000 c.p.m. per umole), 0.71. Other variable 
additions included 19 units of ammonium sulfate-purified car- 
boxylase, 15 umoles of KHCO;, and 1.0 umole of propionyl-CoA. 
Final volume, 1.5 ml]. 30-minute incubation at 37°. 


Specific 
Experiment Treatment® activity of 
jisolated ATP 
c.p.m./pmole 
I. Incorporation of P, | Control 400 
into ATP 400 
Control + carboxylase 600 
500 
Control + carboxylase + 300 
HCO;- 400 
Control + carboxylase + 1,100 
HCO; + propionyl- 1, 200 
CoA 
II. Incorporation of | Control 790 
ADP-8-C" into ATP® 580 
Control + carboxylase 76 ,000 
66 , 400 
Control + carboxylase + | 70,000 
HCO;- 71,400 
Control + carboxylase + | 68,300 
HCO;- + propionyl- | 71,700 
CoA 


treatment conducted in duplicate. 
’No C!4-activity was detectable in the AMP region on chro- 
matograms of the isolated nucleotides. 


ation of propionyl-CoA: 

Enzyme-biotin + ATP = enzyme-biotin-phosphate + ADP 
Enzyme-biotin-phosphate + CO: enzyme-biotin-CO, + P; 
Enzyme-biotin-CO, + propionyl-CoA 


= enzyme-biotin + methylmalonyl-CoA 


SUMMARY 


Propionyl carboxylase has been partially purified from bovine 
liver mitochondria and its properties studied. The carboxylase 
catalyzes the adenosine triphosphate (ATP)-dependent carbox- 
ylation of propionyl coenzyme A (CoA) according to the following 
reaction: 


Propionyl-CoA + CO: + ATP 

=~ methylmalonyl-CoA + ADP + P; 
The stoichiometry (shown above) between CO, fixed and ortho- 
phosphate liberated has been verified. The rate of carboxylation 


of acetyl-CoA and butyryl-CoA occurs at +}5 and 3',5, the rate, 
respectively, for propionyl-CoA. 
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The action of propionyl carboxylase is almost completely in- 
hibited by avidin; this inhibition is prevented by pretreatment 
of avidin with excess biotin; however, the inhibition is not re- 
versible. 

The purified carboxylase preparation catalyzes a rapid ex- 
change between adenosine diphosphate-8-C" and ATP which is 
not dependent on the presence of bicarbonate or propionyl-CoA. 
No exchange occurs between HPO," and ATP under similar 
conditions. The implications of the exchange experiments are 
discussed. 


Addenda—The propiony! carboxylase described in this paper 
has been further purified by diethylaminoethy] cellulose chroma- 
tography to a specific activity of 350 units per mg of protein. 
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In their comprehensive work on 2-acetylaminofluorene! (Fig. 
1) the Weisburgers and Morris (1-4) have identified six phenolic 
metabolites of this carcinogen in the urine of adult rats. During 
recent studies (5) on this compound we have encountered a new 
acidic urinary metabolite. This metabolite is of interest since 
its excretion is greatly reduced by administration of 3-methyl- 
cholanthrene, a potent inhibitor (6, 7) of the carcinogenic activity 
of 2-acetylaminofluorene, whereas the excretion of certain of the 
phenolic metabolites is increased (5). The new metabolite has 
now been identified as N-hydroxy-2-acetylaminofluorene? (Fig. 
1). Its isolation, characterization, and synthesis form the sub- 
ject of this report. 


MATERIALS AND METHODS 


Animals and Diets—Young adult male albino rats,? 8 weeks 
old, were fed a purified diet (8) containing 18% of crude casein 
for periods up to 19 weeks. 2-Acetylaminofluorene (9) was 
added to this diet in a glucose triturate at the carcinogenic level 
of 0.03%. When 2-acetylaminofluorene-9-C' ‘4 (10) was fed it 
was dried on the diet from an ethanol solution. If the grain diet 
(9) generally employed in our tumor induction studies with 2-ace- 
tylaminofluorene was used, the urine extracts contained sub- 
stances which reduced the phenol reagent and obscured the lower 
two-thirds of the paper chromatograms. 

Collection of Urines—When urine was collected for paper chro- 
matography, the rats were housed in pairs in wire-mesh metabo- 
lism cages with glass funnels. Water was available ad libitum. 
The rats were fed in separate cages four times daily for 45 min- 
utes each to avoid contamination of the urine. This procedure 
generally required a training period of about 3 days to assure nor- 
mal food consumption. When urine was collected for the isola- 
tion of metabolites, four rats were housed in each of four large 
wire-mesh cages mounted together over a single large stainless 
steel funnel. During the day they were fed in separate cages 
twice daily for 45-minute periods. At night 20 g of diet were 


* Supported by Grant C355 of the National Cancer Institute, 
United States Public Health Service, a grant from the Jane Coffin 
Childs Memorial Fund for Medical Research, and the Alexander 
and Margaret Stewart Trust Fund. We are grateful to Mrs. 
Joanne Pieringer for excellent technical assistance. 

+ Present address, Department of Pharmacology, Yale Uni- 
versity School of Medicine, New Haven, Connecticut. 

1 Or N-2-fluorenylacetamide. 

2 Or N-acetyl-N -(2-fluoreny])-hydroxylamine. 

3 Holtzman Rat Company, Madison, Wisconsin. 

4Kindly supplied by Dr. C. Heidelberger of the McArdle 


Memorial Laboratory. 


placed in deep cups in each metabolism cage. Spilled food was 
removed from the urine by centrifugation. All the urines were 
collected under toluene in containers chilled with ice, and they 
were stored at —15° for periods up to several weeks before proc- 
essing. The observed urinary metabolites of 2-acetylamino- 
fluorene were stable under these conditions. 

Paper Partition Chromatography of Urine Extracts—The tolu- 
ene was evaporated from the urine with a stream of nitrogen and 
the combined 24-hour urine sample from four rats was diluted to 
500 ml. Suitable aliquots, usually 6 ml, were placed in 50-ml 
glass-stoppered volumetric flasks and 4 ml of 1 m sodium acetate 
buffer, pH 6, 5 mg each of a bacterial 8-glucuronidase® concen- 
trate and Taka-Diastase,* and 0.2 ml of chloroform were added 
to each flask. The flasks were incubated at 37° for 18 hours. 
The freed metabolites were extracted into 20 ml of ethyl ether’ 
and 17 ml of this extract were in turn extracted with 5 ml of 0.5 
N HCl to remove any free amines. The ether was washed with 
5 ml of water and reduced to dryness in a pear-shaped flask with 
a stream of nitrogen. The residue was dissolved in 100 yl of 
methanol and applied to a 0.7- X 38-cm strip of Whatman No. 
1 filter paper. Ascending chromatography was performed with 
a solvent system consisting of cyclohexane, tert-butanol, acetic 
acid, and water (16:4:2:1 by volume) according to the methods 
of Weisburger et al. (2). The developed strips were air-dried and 
separate strips were sprayed with the Folin-Ciocalteau phenol 
reagent and with diazotized 7-nitro-2-aminofluorene® as previ- 
ously described (2); other strips were sprayed with a 1% solution 
of p-dimethylaminobenzaldehyde in 1 N HCl to reveal the new 
metabolite. For quantitative estimation of the metabolites the 
appropriate zones from untreated strips were cut out and eluted 
overnight in 3 ml of 95% ethanol at room temperature. The 
ultraviolet spectra of these extracts were determined with a 
Beckman DK-1 recording spectrophotometer. The purities and 
concentrations of the metabolites were determined wherever pos- 
sible by comparison of the spectra with those of the known hy- 
droxy metabolites.® 


5 Sigma Chemical Company, St. Louis, Missouri; 50,000 to 
100,000 units per gram without activation by chloroform. 

6 Parke, Davis and Company, Detroit, Michigan. 

7 Peroxide-free anhydrous ethyl ether, Mallinckrodt Chemical 
Works, St. Louis, Missouri. 

8 Generously furnished by Dr. T. Lloyd Fletcher, University of 
Washington, Seattle, Washington. 

®We are indebted to Drs. John and Elizabeth Weisburger, 
National Cancer Institute, Bethesda, Maryland for generous gifts 
of the 1-, 3-, 5-, and 7-hydroxy derivatives of 2-acetylamino- 
fluorene. 
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Fic. 1. Structure of 2-acetylaminofluorene and its N-hydroxy 
derivative. 


Column Partition Chromatography of Urine Extracts—Liter 
quantities of the stored urine were used for the isolation of the 
metabolite. In general the urine was obtained from rats that had 
been fed 2-acetylaminofluorene for at least 4 weeks. The urine 
was adjusted to pH 6 by the addition of 0.5 to 1 ml of acetic acid 
and 100 ml] of 1 m sodium acetate buffer. Portions of 50 ml were 
incubated 18 hours at 37° with 20 mg each of the 8-glucuronidase 
and Taka-Diastase preparations plus 0.75 ml of chloroform. 
These portions were pooled and extracted successively with 
1000-, 800-, and 600-m1 portions of ethyl ether. The combined 
ether extracts were reduced to about 150 ml under reduced pres- 
sure in a water bath held at 40°. This solution was extracted 
three times with 50-ml portions of 0.5 Nn NaOH to remove the 
acidic metabolites. The alkaline extract was neutralized with 
2.5 N HCl and the pH adjusted to 6 with 1 m sodium acetate 
buffer. The free acidic metabolites were extracted with 200-, 
100-, and 100-ml portions of ether. The combined ether extract 
was washed twice with 50-ml portions of water to remove salts 
and the ether was taken to dryness in a vacuum. The residue 
was dissolved in 1 ml of tert-butanol for application to the chro- 
matographic column. 

The acidic metabolites were separated by partition chromatog- 
raphy on a column of 300 g of silicic acid? 3 cm in diameter and 
75 cm in length according to the general methods of Weisburger 
et al. (2). The solvent mixture was cyclohexane, tert-butanol, 
acetic acid, and water (18:2:2:1 by volume). The columns were 
operated at an air pressure of 1.5 pounds for 36 hours above a 
fraction collector set to deliver 7 ml fractions of the eluate. The 
elution profiles of the metabolites were obtained from the ultra- 
violet absorbancies of the eluates at 290 my and identification 
was made from the absorption spectra (240 to 330 my). 

The contents of the tubes containing the new metabolite were 
pooled and extracted with several portions of 0.5 Nn NaOH until 
the metabolite had been extracted completely into the alkali. 
The pH of the aqueous extract was adjusted to 6 and buffered 
at this pH with 1 m sodium acetate buffer. The solution was 
extracted three times with ether and the combined extracts were 
washed twice with small volumes of water to remove salts. The 
ether was taken to dryness under reduced pressure. The residue 
was dissolved in a small amount of methanol and transferred to 
the tube of a small sublimation apparatus. The methanol was 
evaporated with a stream of nitrogen and the residue was sub- 
limed onto a cold-finger through a distance of about 1 cm for 12 
hours at a pressure of about 0.5 mm of Hg and a temperature of 
100°. Considerable dark nonvolatile matter remained in the bot- 
tom of the sublimation apparatus. The white to pale yellow 
sublimate was dissolved in ether and the solvent removed with a 
stream of nitrogen. The residue was dissolved in a small amount 
of benzene and crystallized by additions of hexane (Skellysolve 
B) in the cold. The crystals were washed with ice-cold hexane 


10 Mallinckrodt, 100 mesh, for chromatographic analysis. 
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and dried to constant weight over P,O; under reduced pressure 
at 57° in an Abderhalden pistol. 


RESULTS 


Initial Observations with Paper Chromatograms—The ingestion 
of 2-acetylaminofluorene by the adult rats led to the rapid urinary 
excretion of conjugates of the 3-, 5-, and 7-hydroxy derivatives 
of this amide in amounts (5) which were in agreement with the 
results of the Weisburgers and Morris (1). The 1-hydroxy 
derivative was encountered only in trace amounts. The free 
phenols reacted readily with the phenol reagent to give blue colors 
and they coupled with the diazo reagent to give the colors previ- 
ously described (2). After the 2-acetylaminofluorene had been 
fed for about a week a new compound (Rr = 0.83 to 0.86) ap- 
peared on the chromatograms just above the position occupied 
by the 1-hydroxy derivative (Rr = 0.73 to 0.79). It was thus 
the least polar compound detected on the paper strips. It read- 
ily gave a blue color with the phenol reagent, but it did not couple 
with the diazo reagent. A dilute solution of the compound in 
ethanol gave a reddish brown color with a dilute solution of ferric 
chloride. As the feeding of the carcinogen progressed, the con- 
centration of the new compound increased and reached a near 
maximum level at about 6 weeks; after this time the amount 
excreted increased slowly for the remaining 12 weeks of observa- 
tion. The new compound was excreted entirely as a conjugate 
which was cleaved readily by 6-glucuronidase but not by Taka- 
Diastase. The new compound had an absorption spectrum in 
the ultraviolet region similar to but not identical with that of 
2-acetylaminofluorene. After the administration of 2-acetyl- 
aminofluorene-9-C™ the new compound had approximately the 
expected specific activity (c.p.m. per ultraviolet absorbancy). 
This appeared to establish it as a metabolite of the carcinogen. 
Several reagents for various organic groups were applied to the 
strips. Among these was p-dimethylaminobenzaldehyde in di- 
lute HCl. In the new zone this reagent caused the slow forma- 
tion, after 8 to 10 minutes, of a strong yellow color. None of the 
other metabolites on the strips gave this reaction. The color 
closely resembled the yellow Schiff’s base formed immediately 
by the same reagent and a test spot of 2-aminofluorene. 2-For- 
mylaminofluorene® was tried as a model compound. This amide 
reacted with the aldehyde-acid reagent in identical fashion to the 
new metabolite as the N-formyl group was slowly cleaved by the 
acid to release the primary amine. 

The high Ry of the new metabolite and its chemical properties 
led us to the conjecture that it might be 1-hydroxy-2-formyl- 
aminofluorene with a substituent in the 4-position (cf. (11)) 
which prevented coupling with diazo salts. However, these as- 
sumptions proved to be erroneous. 

Isolation and Properties of New Metabolite—On silicic acid par- 
tition columns the new metabolite appeared as the first major 
band of material with absorbance at 290 mu. One liter of urine 
processed according to the isolation procedure outlined above 
yielded 10 to 12 mg of the metabolite in crystalline form with a 
m.p. (uncorrected) of 143 to 144°. The crystals were light yel- 
low and occurred as oblong plates and as clusters of pointed 
petal-like plates from hexane-benzene mixtures. The crystalline 
material was only slightly soluble in water, dilute HCl, and hex- 
ane. It was more soluble in ether and methanol and it was freely 
soluble in dilute alkali. The molecular weight" was determined 


11 Performed with the able assistance of Miss Carol Sue Wyatt. 
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by the isothermal distillation method in the apparatus described 
by Childs (12) with dichloromethane as the solvent; a value of 
approximately 231 (2-acetylaminofluorene = 223) was obtained. 
Elementary analyses” gave the following data: 


CisHisNO2 (239) 

C 75.29, H 5.49, N 5.85, O 13.37 
C 75.43, H 5.56, N* 5.99, Of 13.52 
C 75.30, H 5.52, N* 5.86, 


Calculated (%): 
Found (%): 


* Dumas; f Unterzaucher. 


Thus the compound differed from 2-acetylaminofluorene (Cis- 
Hi3NO) by one extra oxygen atom. 

Although many structural possibilities exist for an acidic com- 
pound with this molecular formula it appeared probable from its 
origin that we were dealing with another hydroxy derivative of 
2-acetylaminofluorene. The 9-hydroxy derivative was excluded 
since it is not acidic. The properties of all the phenolic deriva- 
tives of 2-acetylaminofluorene, with the exception of the 4-hy- 
droxy compound, have been reported (2, 3). None of these 
phenols has an Ry, in the solvent system employed, similar to 
that of the new metabolite. Furthermore, none of the phenolic 
derivatives of 2-acetylaminofluorene (1-, 3-, 5-, or 7-hydroxy) 
which we have tested reacts with the acid p-dimethylamino- 
benzaldehyde reagent as described above for the new metabolite, 
and the remaining isomers would also not be expected to give this 
test. Earlier in this study a sample of 4-hydroxy-2-formylamino- 
fluorene was kindly prepared for us by Dr. T. Lloyd Fletcher of 
the University of Washington. Although this compound gave 
the color reaction with the acid-aldehyde reagent, it also coupled 
readily with the diazo reagent as would be expected from its 
structure. Furthermore, its Rp (0.65 to 0.74) was below that of 
the new metabolite. The N-acetyl and N-formy] derivatives of 
2-aminofluorene and their phenolic derivatives have been found 
to have nearly identical Rp values in the chromatographic sys- 
tem used here. 

Hence it seemed very likely that the fluorene ring in the new 
metabolite was substituted only in position 2; this would account 
for the inability of the substance to couple with the diazo reagent. 
Two possibilities were that either a —NH—-CO—CH,OH or a 
—(N—OH)—CO—CH; group was attached to the fluorene ring. 
The first possibility was ruled out upon examination of the prop- 
erties of various \-glycolyl amines described in the literature. 
The second structure, an N-substituted acetohydroxamic acid, 
appeared most probable. Such a structure would be expected 
(13) to be acidic, to have reducing properties (7.e. with ‘‘phenol”’ 
reagent) to fail to couple with diazo salts, to give a red color with 
ferric chloride, and to form a yellow compound (a nitrone (14)) 
with p-dimethylaminobenzaldehyde after acid hydrolysis. 

Synthesis" of N-Hydroxy-2-acetylaminofluorene and Its Identity 
with New Metabolite—Neither N-hydroxy-2-aminofluorene nor 
its N-acetyl derivative have been reported previously. Efforts 
to synthesize these compounds in more than minute yields 
through Zn dust (15) or Al-Hg (16) reduction of 2-nitrofluorene 
(17) failed. A modification of the catalytic hydrogenation pro- 
cedure of Brand and Steiner (18) proved to be more practical. 
2-Nitrofluorene (2.1 g, 0.01 mole) was dissolved in a mixture of 
150 ml of ethyl acetate and 5 ml of acetic anhydride, and 0.5 g 


12 Huffman Microanalytical Laboratories, Wheatridge, Colo- 
rado. 
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of charcoal containing 5% of palladium was added. This mix- 
ture was hydrogenated at room temperature at a pressure of 10 
pounds above atmospheric pressure until 0.02 mole of hydrogen 
had been absorbed. The catalyst was removed by filtration. 
After removal of the ethyl acetate under reduced pressure the 
residue was digested twice with 100 ml of 1 N NaOH in 25% etha- 
nol for 10 minutes at 50°. This hydrolysis removed the O-acety]l 
group from the dihydroxamic acid formed from the N-hydroxy-2- 
aminofluorene and acetic anhydride. The filtrates from the al- 
kaline digestions were combined and neutralized with concen- 
trated HCl to precipitate the V-hydroxy-2-acetylaminofluorene. 
The precipitate was filtered, washed with water, and dried in a 
vacuum. This procedure gave yields of crude product of 20 to 
30% of theory. Crystallization of this material four times from 
benzene-hexane mixtures yielded light yellow crystals melting ai 
141-142° (uncorrected). Sublimation of the crude product and 
subsequent crystallization from benzene-hexane yielded white 
crystals, m.p. 143-144° (uncorrected), but considerable decom- 
position occurred during the sublimation to form dark nonvola- 
tile matter. The elementary analysis of the compound obtained 
by sublimation gave C 75.39%, H 5.73%, and N 6.12%. These 
data are to be compared with the calculated figures for CisHis3NO2 
given above. 

No depression of the melting point was obtained with 1:1 
mixtures of synthetic N-hydroxy-2-acetylaminofluorene and the 
new metabolite. Each compound melted to form a red liquid, 
and each developed yellow to brown bands during chromatog- 
raphy on paper which moved (Rp = 0.84 to 0.86) within the zone 
of the N-hydroxy compound. These colors are presumably due 
to partial decomposition of the hydroxamic acid to form azoxy 
and azo compounds (13). The R, and color reactions of the syn- 
thetic compound were identical with those of the new metabolite. 
The compounds had identical absorption spectra in the ultra- 
violet region with an inflection point at 313 my and maxima at 
302 mu and 291 my with log ay values of 4.18, 4.29, and 4.37, 
respectively, for 4.18 10-4 Mm solutions in ethanol. The infra- 
red spectra’ (KBr disk) of the synthetic compound and the 
metabolite were identical. 


DISCUSSION 


The conversion of 2-acetylaminofluorene to N-hydroxy-2- 
acetylaminofluorene in the rat appears to be the first unequivocal 
demonstration of N-hydroxylation in vivo (cf. (19-22)).% With 
rats fed 2-acetylaminofluorene for at least 6 weeks 10 to 14% of 
the carcinogen ingested is excreted in the urine as conjugated 
N-hydroxy-2-acetylaminofluorene. The conjugate is relatively 
acid-stable and can be cleaved by a bacterial 8-glucuronidase 
preparation but not by Taka-Diastase. It seems likely, but not 
proved thereby, that this conjugate is an ether-type N—0O-glu- 
curonide (N—O—C linkage). This type of glucuronide would 
be new and unlike the very acid-labile N-glucuronides (N—C or 
N=C linkage) previously described (23, 24). : 

Since the N-acetyl group in 2-acetylaminofluorene is readily 
removed and replaced in the rat (25-27), the hydroxylation of the 
nitrogen may occur before or after the insertion of the N-acetyl 


13—n 1920, Ellinger (20) reported the isolation of a minute 
amount of a substance he regarded as N-acetylphenylhydroxyl- 
amine from the blood of cats which had been given intravenous 
injections of large amounts of acetanilide. However, it is clear 
that the substance was not characterized adequately and Ellinger’s 
observations have been seriously criticized by Thorpe and Wil- 
liams (21) and more recently by Hustedt and Kiese (22). 
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group. Thus, N - hydroxy - 2 - aminofluorene, an unstable and 
highly reactive compound, may be a metabolite of 2-acetylamino- 
fluorene. It is well known that, when N-aryl hydroxylamines 
are heated in acid, migration of the N-hydroxy group to the aro- 
matic ring occurs (28). If a similar migration occurs in vivo, 
N-hydroxy-2-aminofluorene could be the precursor of some of 
the six known ring-hydroxy derivatives of 2-acetylaminofluorene. 
It is also known that hydroxylamine reacts with various anhy- 
drides such as amino acid adenylates (29) and can substitute for 
NH; in the amination of UTP to CTP (30). If an N-substituted 
hydroxylamine such as N-hydroxy-2-aminofluorene also partici- 
pated in such reactions, compounds might result which could 
lead to protein- and nucleic acid-bound derivatives of the original 
carcinogen. Protein-bound 2-acetylaminofluorene or derivatives 
thereof have been found in vivo (31-34) and in vitro (35-39) and 
may be of importance in the carcinogenic process (4, 34). 2-Ni- 
trosofluorene also deserves consideration in these respects as a 
possible metabolite of 2-acetylaminofluorene, particularly in view 
of the recent finding (22, 40) that nitrosobenzene is a metabolite 
of aniline, acetanilide, and N-acetylphenylhydroxylamine in the 
dog and cat. Studies on the carcinogenicity and metabolism of 
N-hydroxy-2-aminofluorene, its N-acetyl derivative, and 2-nitro- 
sofluorene are in progress. 

It will be of interest to determine whether or not other amines 
or their acyl derivatives undergo N-hydroxylation in vivo. 
N-Hydroxy derivatives of physiologically important compounds 
do not appear to have received much consideration as metabolic 
intermediates. It is of interest, however, that two antibiotics," 
aspergillic acid (41) and nocardamin (42), are cyclic hydroxamic 
acids. A comprehensive but not exhaustive search of the litera- 
ture revealed only a few other compounds of biological origin 
which contain N—O bonds of any type, viz. canavanine, canaline, 
cycloserine, trimethylamine \-oxide, 8-nitropropionic acid, and 
chloramphenicol. 


SUMMARY 


N-Hydroxy-2-acetylaminofluorene has been found to be a ma- 
jor metabolite of the carcinogen 2-acetylaminofluorene in the 
rat. This metabolite appeared in the urine as a conjugate (prob- 
ably the glucuronide) and was found in increasing amounts as 
the feeding of the carcinogen progressed. The identity of this 
metabolite was established by its isolation in crystalline form and 
comparison with synthetic N-hydroxy-2-acetylaminofluorene. 

These data appear to furnish the first unequivocal demonstra- 
tion of N-hydroxylation in vivo. 
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For the specific separation of inorganic orthophosphate 
from phosphoric esters and anhydrides, Berenblum and Chain 
(1) introduced isobutanol extraction of the complex formed by 
orthophosphoric and molybdic acids in an aqueous solution of 
sulfuric acid. Martin and Doty (2) replaced isobutanol with a 
mixture of equal parts of isobutanol and benzene to facilitate 
separation of the solvent layers. This method has been applied 
for the determination of P; uptake in a mitochondrial system 
during oxidative phosphorylation, using either silicotungstic acid 
(3), trichloroacetic acid (4), or perchloric acid! as deproteinizing 
agents. 

Because the solvent extraction and separation are time-con- 
suming and lead to appreciable error due to solvent droplet 
occlusion, an improved method of separation has been sought. 
The development of reversed-phase chromatography systems (5, 
6) suggested the possibility that the solvent-soluble phosphomo- 
lybdic acid might be retained on a column which permits organic 
phosphates to pass through. A wide variety of organic solvents 
was tested and it was found that heptanol-2 and hexanol have 
extremely high affinity for phosphomolybdic acid and are well 
suited for its extraction. The use of one of these alcohols and 
siliconized Celite in a small column permits rapid and complete 
separation of P; from phosphoric esters and anhydrides. The 
method is particularly advantageous in that it permits large 
numbers of samples to be run simultaneously. 


EXPERIMENTAL 


Materials and Methods 


Radioactive Phosphate Compounds—Radioactive P; (Oak Ridge 
National Laboratory) was purified by precipitation together 
with carrier as MgNH,4PO, at pH 9.0. The precipitate was dis- 
solved with a minimum of HCl to make a solution of 0.01 m Pi, 
1 me per ml, pH 5 to 6. The solution was diluted 100- to 500- 
fold with a reaction mixture containing a known concentration 
of P; before use. ATP”, made by the ATP-P;* exchange reac- 
tion in the presence of mitochondria (7) and isolated on a 
Dowex 1-formate column, was kindly supplied by Dr. Berton 
Pressman. Glucose 6-phosphate containing P® was made by 
reacting ATP with glucose in the presence of yeast hexokinase 
and magnesium. It was separated as the barium salt in the 
presence of ethanol. 


* Supported in part by grants from the United States Public 
Health Service (A-531) and from the American Cancer Society. 

1 Perchloric acid has been used routinely in this laboratory 
since it is an effective protein precipitant and is a sufficiently 
strong acid to permit direct extraction of phosphomolybdic acid 
with solvents. 


Siliconized Celite was prepared by suspending 100 g of Hiflo 
Super-Cel (dried at 110°) in 400 ml of 5% dichlorodimethyl- 
silane (“‘Dri-film”’ of E. H. Sargent and Company) in benzene. 
The large amount of air contained in the Celite was removed by 
boiling the suspension at room temperature under reduced pres- 
sure for a few minutes. After standing for 30 minutes, the 
Celite was collected on a glass funnel and washed with 200 ml 
of benzene followed by 500 ml of methanol. The washed Celite 
was suspended in 2 liters of methanol and particles settling 
during the first 1 minute were discarded. The fraction that set- 
tled between 1 and 10 minutes was retained. This suspension 
and settling process was repeated twice more and the Celite 
was dried at 70° (yield about 70 g). 

Columns and Packing—Alundum disks were sealed into 
glass tubes of 0.5 cm inside diameter and about 5 cm length. 
These tubes were sealed to 7-cm tubes of 1.2 cm inside diameter 
(see Fig. 1). Hexanol (or heptanol-2) was shaken with an 
equal volume of 30% aqueous methanol, and after separation 
of the two layers, the upper layer was shaken again with 6 
volumes of a mixture containing 1 part of water, 2 parts of Rea- 
gent A (0.9 m HCI1O,, 0.6 mM Na2SO,), and 3 parts of Reagent B. 
Reagent A may be stored indefinitely at room temperature. 
For analyses of biological materials, one drop of bromine is 
added per 100 ml just before use. If the solutions to be ana- 
lyzed contain appreciable amounts of reducing materials, more 
bromine may be required to prevent these materials from re- 
ducing the phosphomolybdic complex. Addition of excess bro- 
mine did not interfere with the procedure. Reagent B is a 
mixture of 0.5 volumes of 4% (NH4)sMo7Oy4-4H20, 0.4 volume 
of methanol, 0.012 volume of hexanol (or 0.01 volume heptanol- 
2) and water (about 0.15 volume) to make the final volume 1. 
This reagent, which is usually slightly cloudy, should be pre- 
pared just before use. 

Ten grams of siliconized Celite was mixed well with 10 ml 
of hexanol (or heptanol-2) which had been equilibrated with the 
reagent mixture as described above. The mixture can be stored 
at room temperature for a few months if kept in a tightly stop- 
pered container. Unequilibrated hexanol (or heptanol-2) may 
be used with a slight error due to the small change in volume 
of the reaction mixture when it is passed through the column. 
In this case 10 g of siliconized Celite was mixed with 8 ml of 
hexanol (or heptanol-2). The mixture was introduced into the 
tubes and tamped down compactly with a glass rod that fitted 
closely into the lower portion. The column of packed Celite 
should be 1.3 to 1.7 cm for ordinary use (2 to 10 uwmoles Pj). 
Used packing was easily washed out using the pressure of tap 
water and the tubes were cleaned with a detergent solution. 
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Fic. 1. Column and separation procedures. 
molybdic acid; Si-CEL, siliconized Celite. 


PMA, phospho- 


Separation Procedure—In the standard procedure, 0.5 ml of 
sample (containing 0.005 to 0.02 m P; and varying amounts of 
organic phosphates) was added to 1 ml of Reagent A in test 
tubes of 1.2 cm diameter which were kept in an ice bath. To 
the mixtures, 1.5 ml of Reagent B was added and, after stand- 
ing for a few minutes, the yellow solutions were poured onto 
the columns, which were mounted on test tubes (Fig. 1). The 
flow rate of the solution through the columns was usually 1 to 
3 ml per hour depending on the firmness of the packing of the 
column. The columns and test tubes were usually kept in a 
refrigerator during the percolation; however, this is not nec- 
essary when the organic phosphates are stable compounds such 
as glucose 6-phosphate. To analyze a large number of samples, 
as in oxidative phosphorylation experiments, it is convenient 
to keep all columns and tubes in a cold room overnight. A 
volume of samples smaller than 0.5 ml can be used without 
changing the volume of Reagent A; however, the volume of 
Reagent B should be the sum of the sample and Reagent A. 
When the P; content in the sample is very small, it is advisable 
to use Reagent A containing carrier phosphate. 

For counting radioactive samples, an aliquot (usually 1 ml) 
of the effluent was dried in very shallow metal cups containing 
a disk of lens paper to facilitate uniform distribution of the 
solids. An end window counter was used. Counts are cor- 
rected for background. The counting was accurate to 2% for 
samples with greater than 1000 c.p.m. and accurate to 5% for 
samples in the range 100 to 1000 c.p.m. 

pH Measurements were made with a Beckman meter and 
glass electrode. The electrode was calibrated in the strong 
acid region with 0.1 m HCl (pH, 1.06), followed quickly by 
measurement of the acidic sample. In the presence of meth- 
anol, only apparent pH values are recorded. 


Separation of Orthophosphate from Other Phosphate Compounds 


Vol. 235, No. 3 


RESULTS AND DISCUSSION 


Selection of Organic Solvent—The organic solvent to be used 
as the stationary phase on the column should be only very 
slightly soluble in the aqueous phase and it must have great 
affinity for phosphomolybdic acid. In preliminary experiments 
it was found that some alcohols, ketones, ethers and hydro- 
carbons have the ability of extracting phosphomolybdic acid from 
aqueous acidic solutions, but virtually complete extraction was 
achieved only with alcohols and ketones. Diisobutyl and 
methyl isobutyl ketones are satisfactory for extraction from 
aqueous solutions but not from solutions containing 20% meth- 
anol which, as is described below, was required for practical 
reasons. Several higher alcohols extract phosphomolybdic acid 
very well, even from the solutions containing methanol. Among 
the alcohols, a polyglycol possessed excellent extracting prop- 
erties, but was appreciably soluble in the aqueous phase. Cy- 
clohexanol extracts phosphomolybdic acid as well as does the 
aliphatic 6-carbon alcohol, but it is much more soluble than 
hexanol in the aqueous layer. From the above observations it 
was decided to test in detail only aliphatic, monohydric alcohols 
with three representative acids in the aqueous phase. ‘The re- 
sults are shown in Table I. Of the alcohols tested, those from 
C, to Cg removed more than 99.9% of the P;* from aqueous 
solutions of H:SO, or HCl1O,. n-Butanol, n-pentanol, n-hexanol, 
heptanol-2 and heptanol-3 seemed to be especially effective. 
The extraction of phosphomolybdic acid from CCl;COOH is 
much more difficult than from the other two acids, presumably 
because this organic acid increases the affinity of the aqueous 


TABLE I 
Comparison of various alcohols for extraction 
of phosphomolybdic acid 
Conditions: Three milliliters of the aqueous phase containing 
0.0005 m K,HP#0,, 1% ammonium molybdate and 0.5 M acids as 
designated in the table were shaken for 20 seconds with an equal 
volume of the organic solvent and then filtered through Whatman 


No.l paper. An aliquot of the aqueous filtrate was counted after 
drying. 
Pj? Remaining in acidic aqueous phase 
Extracting solvent 
HCIO. | 0.5 | 

% % % 
Isobutanolf-benzene mix- 

0.09 0.07 15 
Isobutanolf.............. 0.05 0.05 0.23 
n-Butanol................ 0.05 0.05 0.15 
2-Methybutanol.......... 0.07 0.05 0.14 
n-Pentanol............... 0.05 0.05 0.11 
n-Hexanol............... 0.05 0.05 0.11 
n-Heptanol.............. 0.09 0.05 0.23 
Heptanol-2............... 0.05 0.05 0.09 
Heptanol-3............... 0.05 0.05 0.85 
n-Octanol................ 0.08 0.05 0.24 
n-Nonanol............... 0.13 0.19 3.4 
n-Octadecanol............ 20 34 60 


* 16,000 c.p.m. X ml". 
+t 2-Methyl propanol. 
t The 1:1 mixture of Martin and Doty (2). 
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Fic. 2. Comparison of isobutanol- and hexanol-shaking method 
and hexanol-Celite column method at various pH. The shaking 
methods were carried out as described in Table I except that the 
aqueous phase contained 0.001 m K2HP#O, (6 X 10 ¢.p.m.). In 
a, HClO, = 0.45 m at pH 0.45 and 0.3 m at other pH values. In 
b, CCl,COOH = 0.45 m at pH 0.6 and 0.3 m at other pH values; 0 
to 0.24 m NaOH to obtain the indicated pH. In the column 
method 3 ml of the phosphomolybdate solution were passed 


phase for the complex. This fact made it possible to compare 
the extraction ability of the alcohols which are so efficient that 
comparison is difficult in the cases of H2SO, or HC1O,. In the 
CCl;COOH system, n-pentanol, n-hexanol and heptanol-2 were 
found most effective. Further tests led us to abandon n-pen- 
tanol in favor of the latter two solvents. The greater solubility 
of pentanol in the aqueous phase, particularly in the presence 
of methanol, gives rise to volume changes during the extraction 
of phosphomolybdic acid and to loss of the stationary solvent 
phase from the column. 

Comparison of Extraction Conditions—In the usual isobutanol- 
benzene extraction method a very low pH (about pH 0.5) is 
required, thus a high concentration of sulfuric acid (2) or HClO, 
has been used.! Fig. 2a, Curve B, shows clearly that the ex- 
traction of phosphomolybdic acid with the isobutanol-benzene 
mixture becomes suddenly poor above pH 0.8. 

It has been suggested by several workers that there are various 
types of phosphomolybdic acid complexes which exist in a state 
of equilibrium dependent on the environmental conditions. Al- 
though the nature of the one that is readily extractable with 
organic solvents is not known, it is reasonable to expect the 
unionized form to have greatest affinity for the less polar organic 
solvent phase. Extraction of phosphomolybdic acid into this 
phase is favored by decreasing the pH of the aqueous phase 
(Fig. 2). However, the extremely low pH required for good 


extraction can, especially in the presence of molybdate, cause 
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through a 0.6- X 2-cm column (1 g siliconized Celite per 0.8 ml 
hexanol) at the rate of 2 to 4 ml per hr. Curve A, shaking with 
isobutanol-benzene (1:1) aqueous phase contained 20% methanol; 
Curve B, the same except the aqueous phase contained no meth- 
anol; Curve C, shaking with hexanol (no methanol); Curve D, as 
C except the aqueous phase contained 20% methanol; Curve E, 
passing through the hexanol-Celite column (no methanol); Curve 
F, as E except the solution contained 20% methanol. 


appreciable hydrolysis of some phosphate compounds, e.g. ATP 
(8). Therefore, it would be desirable to keep the pH as high 
as possible. For this reason, water soluble organic solvents 
were tested to see if their effect on decreasing the ionization 
of phosphomolybdic acid, even at relatively high pH, might aid 
the extraction. 

The yellow color of phosphomolybdic acid solutions is most 
intense below pH 0.6 and is very faint at pH 1.5. The extract- 
ability of phosphomolybdic acid with alcohols seemed to be 
roughly proportional to the color intensity. Even at pH 1.5, 
this yellow color was greatly enhanced by the addition of 30% 
methanol and reached the same intensity as in water below pH 
0.6. Ethanol, acetone, and dioxane had the same effect but 
were less useful for analytical purposes because they increased 
the solubility of the extracting solvents in the aqueous phase 
and increased the affinity of the aqueous phase for phospho- 
molybdic acid more than in the case of methanol. 

Following tests under a variety of conditions (Fig. 3), it was 
concluded that the addition of methanol to a concentration of 
10 to 30% in the aqueous phase gives the most reliable extrac- 
tions. With added methanol, phosphomolybdic acid is easily 
extracted at higher pH (Curves D and F in Fig. 2a) by either 
heptanol-2 or hexanol. The addition of methanol is advan- 
tageous also because it delays the precipitation of phos- 
phomolybdic acid that usually occurs from solutions containing 
0.002 m P; at pH 1.0 within several minutes after the addition 
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Fic. 3. Effect of pH and methanol concentration on the hep- 
tanol-2 column method in the HCIO,-Na2SO, system. Five mil- 
liliters of the solution containing: 0.0016 m K.»HP#O, (1.2 & 106 
c.p.m.), 1% ammonium molybdate, 0.3 m HCIO,, 0 to0.4 Mm Na2SO,, 
and either 0.3% heptanol-2 (A; and A2), 20% methanol with 0.5% 
heptanol-2 (B; and B.2), or 30% methanol with 0.8% heptanol-2 
(C; and C2), were passed through the heptanol-2 column (0.5 X 
1.5 cm, see Fig. 2) at the rate of 1 to3 ml perhr. The effluent was 
divided into the first and second 2 ml and an aliquot of each was 
counted. Curve Ai, @, without methanol, first 2-ml efluent; Curve 
Ao, G, as Ai, second 2-ml effluent; Curve B,, ©, with 20% methanol 
first 2-ml effluent; Curve B2, O, as B;, second 2-ml effluent; Curve 
C;, ©, with 30% methanol, first 2-ml effluent. Curve Co, @, as 
C;, second 2-ml effluent. 


of the molybdate reagent. This precipitation which often 
caused accidental errors in its quantitative separation is pre- 
vented for a few hours by the presence of 20% methanol. 

As shown in Fig. 2a, no remarkable differences were observed 
between the results of the column method and the shaking ex- 
traction method when hexanol was used in the HClO,-NaOH 
systems in either the presence or absence of methanol. It is 
clear from the comparison of Fig. 2a and 6b that CCl;COOH 
is less useful than HCIQO, as an acid in the aqueous phase for it 
greatly increases the affinity of the aqueous phase for phospho- 
molybdic acid. 

Fig. 3 summarizes experiments conducted with HCIO, as the 
acid and varying amounts of Na2SO, to buffer at different pH 
levels with the use of heptanol-2 columns. The beneficial effect 
of methanol in the higher pH range was again demonstrated. 
However, the capacity of the columns decreased with increasing 
concentration of methanol and the band of phosphomolybdic 
acid on the column became broader. This necessitates increas- 
ing the size of the columns to insure complete extraction. 

The effects of varying concentrations of methanol were also 
tested in the hexanol column method. Concentrations up to 
35% in the aqueous phase at apparent pH of 1.0 to 1.8 pro- 
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gressively improved the extraction but decreased the capacity 
of the columns as described above. 

Effect of Salt Concentration—The extraction of phosphomo- 
lybdic acid by the heptanol-2 columns was compared with the 
use of various concentrations of NaClQO, in the presence of 0.17 
M HCI1O,. The apparent pH of the aqueous solutions was about 
1.0. The results obtained in the presence and absence of yeast 
protein are shown in Fig. 4. Increasing concentrations of per- 
chlorate diminished the efficiency of extraction slightly and the 
presence of protein also had a slight deleterious effect. 

Other Factors That Influence the Extraction—Varying the pro- 
portion of hexanol (or heptanol-2) to siliconized Celite did not 
significantly influence extraction efficiency over a range of ratios 
from 0.6:1.0 (ml:g) to 1.2:1.0. The ratio of 1.0:1.0 was used 
for analytical work since it combined good capacity with rea- 
sonable stability of the stationary phase (hexanol or heptanol-2) 
on the column. The length of the column and the firmness of 
packing influence the completeness of extraction but mainly in- 
directly by influencing the rate of flow through the column. 
The influence of flow rate through a series of uniformly packed 
columns of identical size is shown in Table II. 

The concentration of P; in the test solution also influenced 
the thoroughness of extraction. The results shown in Fig. 5 
suggest the desirability of adding carrier phosphate if the sample 
contains less than 6 mM (1 wmole per ml of the final aqueous 
phase). The capacity of the column and reagents described in 
Fig. 5 was found to be about 15 wmoles; the P; in the effluent 
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Fic. 4. Effect of salt concentration and protein on orthophos- 
phate separation by the heptanol-2 column method. Three mil- 
liliters of the solution containing 0.0016 m K.HP220, (6 & 105 
c.p.m.), 1% ammonium molybdate, 20% methanol, 0.5% heptanol- 
2, 0.17 m HCIO, and 0 to 0.43 m NaClO, were passed through 
0.5- X 1-cm columns containing 0.8 ml of heptanol-2 (equilibrated 
against 20% methanol) per g of siliconized Celite. The apparent 
pH of all solutions was about 1.0. The flow rate was 2 to 3 ml 
per hr. Curve A, O, the above mixture contained 0.03% veast 
proteins; Curve B, @, no protein added. 
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TABLE II 
Effect of flow rate on separation of inorganic orthophosphate 
The solution containing 0.3 m HC1QO,, 0.2 m Na2SQ,, 1% ammo- 
nium molybdate, 20% methanol, 0.5% heptanol-2 and 0.0008 
KH2P*20, (final pH about 1.0) was passed through the heptanol-2 
column (0.5 X lcm). The flow rate was adjusted by varying the 


pressure. 
1st 1-ml effluent 2nd 1-ml effluent 
Experiment No. 
Flow inet | | Fowsine | 
min %t min % 
1 10 0.084 11 0.093 
2 14 0.076 16 0.086 
3 30 0.059 30 0.068 
4 40 0.051 40 0.057 
5 50 0.044 60 0.048 
6 60 0.042 80 0.036 


* Time required to pass 1 ml of solution. 
t Per cent of count remaining in the effluent; original, 1.5 x 10° 
c.p.m. X 
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Fic. 5. Effect of orthophosphate concentration on P;** separa- 
tion in the heptanol column method. The experimental condi- 
tions are as in Fig. 3 except that 3 ml of the solution containing: 
0.00025 to 0.004 m KzHP?20, (8.5 X 105 e.p.m.), 0.8 m HC1O,, 0.2 m 
Na2SO,, 0.5% heptanol-2 and methanol were passed through 0.5- 
X 2.0-em columns. Curve A, O, first 1-ml effluent; Curve B, @, 
second 1.5-ml effluent. 


rose rapidly when the 3 ml of aqueous solution contained more 
than 15 umoles. 

Reducing agents greatly decrease the retention of P; on the 
column by causing the formation of the blue reduced molyb- 
denum compound. Ascorbic acid, coenzyme A, cysteine, glu- 
tathione, and DPNH, in concentrations which might be encoun- 
tered in experiments with these cofactors, decrease the extraction 
of P; into the organic solvent phase (Table III). The inter- 
ference by these, and other reducing agents can be completely 
eliminated by the addition of bromine. 
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Recovery of Orthophosphate—P ;* adsorbed on the columns may 
be recovered quantitatively by washing the columns with the 
mixture of water, Reagent A and B (1:2:3), and then eluting 
the phosphomolybdic acid from the column with either 5 ml 
of 0.2 m (NH,)2HPO, in 20% methanol or 5 ml of 0.5 m NH,OH 
in 90% methanol. 

Recovery of Esterified Phosphate—Glucose 6-phosphate labeled 


TaB_e III 
Interference with extraction by reducing agents 
and effect of bromine on interference 
The experimental conditions were those described in Table II 
except that hexanol-siliconized Celite columns (0.5 X 1.3 cm) were 
used. 


Concentration of reductant 
0.002 u* 0.0001 
Reductants | 
Bromine Bromine 
+t ~ 
a % % % 
Ascorbic acid 1 | 37 0.021 | 0.93 | 0.022 
2 | 34 0.024 | 0.91 | 0.022 
DPNH 1 | $2 0.014 | 0.11 0.022 
2 | 2.3 0.014 | 0.12 0.026 
Coenzyme A 1 0.23 | 0.073 | 0.051 | 0.022 
2 = 0.17 0.071 | 0.045 | 0.022 
Glutathione | 1 — 0.10 0.027 0.056 | 0.023 
| 2 = 0.11 0.033 | 0.055 | 0.026 
Cysteine | 1 | 0.11 0.023 | 0.036 | 0.024 
| 2 —=~-0.091 | 0.015 | 0.042 | 0.026 
None (Control) | 1 ' 0.041 | 0.020 
| 2 | 0.043 | 0.028 


* Final concentration in the aqueous phase. 

t Bromine was added to Reagent A, before use, at a concentra- 
tion of 0.5 ml per 100 ml. 

t Per cent of count after passing the column; original: 1.1 X 106 
c.p.m. per ml. 


TaBLe IV 
Recovery of glucose 6-phosphate in the heptanol-2 column method 
The experimental conditions were as described in ‘‘Materials 
and Methods”’ except that bromine was not used. The sample 
solutions contained 0.005 m Pj; or a trace of glucose 6-phosphate 
or both. 


Sample — Column effluent corte 
phate 
c.p.m.fml ¢.p.m./ml c.p.m./ml| 
Inorganic P* 670,000 | Highest,* 530 
Lowest,* 360 
Glucose 6-phosphate | 11,600 | Highest, 11,800 102 
| Lowest, 11,400 98 
Inorganic P* + glu- 670,000 | Highest, 12,200 | 11,770) 102 
cose 6-phosphate +11, 600 Lowest, 11,700 | 11,270, 97 


* The highest and lowest value among six experiments. 
+ Corrected for P;** in the effluent by the mean value (430 
c.p.m.) found in six experiments. 


| 

| 

sity 

O- 

the 
).17 

out 
ast 

he 
ro- 

ot 
10s 
sed 

2) 

of 
in- 
ed 

5 

le 
us 

in 
nt 


894 


with P® was found to be recovered completely (100 + 2%) 
in the effluent, either in the absence of P; or in the presence of 
a 60-fold excess (Table IV). Apparent recoveries of ATP were 
about 95%. This small loss of the radioactivity from the ATP 
solution appeared to be due to the presence of a small amount 
of P;* in the ATP® preparation since the first 1-ml and sub- 
sequent 1-ml aliquots of the sample eluate showed equal radio- 
activity (95% of the original). Virtually 100% of recovery was 
obtained with ADP. 


SUMMARY 


The method of Berenblum and Chain for the separation of 
orthophosphate from phosphoric esters and anhydrides has been 
adapted to a reverse phase siliconized Celite column separation 
procedure that permits handling large numbers of samples si- 
multaneously. Heptanol-2 and hexanol are superior solvents 
for the extraction of phosphomolybdic acid. The extraction is 
influenced by the kinds of acid present, by pH, and, to some 
extent, by the concentration of orthophosphoric acid and the 
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flow rate. The addition of methanol to depress ionization of 
phosphomolybdic acid improves the extraction particularly at 
higher pH. Reducing agents, which interfere with the extrac. 
tion procedure, may be destroyed with bromine. 


Acknowledgments—We wish to express our thanks to Dr, 
Berton Pressman for supplying ATP® and for valuable dis- 
cussions. 
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Crystalline A-3-Ketosteroid Isomerase 


FRANK S. KAWAHARA AND PAuL TALALAY 
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(Received for Publication, November 4, 1959) 


The enzymatic isomerization of A*- and A&?-3-ketosteroids 
to the corresponding A‘-3-ketosteroids was reported in 1955 (1). 
These reactions were shown to be catalyzed by a specific protein 
which was partially purified as an induced enzyme from Pseudo- 
monas testosteront. Similar enzyme activities were also demon- 
strated in a variety of animal tissues. This isomerase is distinct 
from pyridine nucleotide-linked hydroxysteroid dehydrogenases 
which oxidize 3-hydroxyl groups of steroids. The mechanism of 
the isomerization involves an intramolecular hydrogen transfer 
from position C-4 to C-6 on the steroid skeleton, as evidenced by 
the lack of incorporation of deuterium or tritium when 5-an- 
drostene-3 ,17-dione was enzymatically converted to 4-andros- 
tene-3,17-dione in D.O or HTO. We wish now to report the 
crystallization of steroid isomerase and some of its properties. 

The purification was carried out on cells obtained from 70 liters 
of a culture of Pseudomonas testosteronit grown on a medium con- 
taining 1% yeast extract and 0.05% testosterone. The cells 
were grown, harvested, washed, and broken by sonic oscillations, 
by modifications of previously described procedures (2). The 
purification involved the following steps which were carried out 
near 0°, except as noted: 1. The sonically degraded prepara- 
tion was made 0.05 m with respect to MgCl, and stirred with 0.1 
volume of n-butanol. The copious precipitate was removed by 
centrifugation and discarded. 2. Two volumes of 95% ethanol 
were added and the precipitate removed. 3. The enzyme was 
then adsorbed from the ethanol solution on calcium phosphate 
gel and eluted with 0.033 m phosphate buffer, pH 7.0. 4. Addi- 
tion of 4 volumes of acetone at —20° completely precipitated the 
activity. 5. The precipitate was dissolved, dialyzed, and treated 
with protamine sulfate. 6. The enzyme was then subjected 
twice to ammonium sulfate precipitation, without intervening 
dialysis. 7. Crystallization and recrystallization of the enzyme 
were achieved at pH 7.0 by the gradual addition of saturated 
neutral ammonium sulfate solution. The second crystallization 
(Table I and Fig. 1) represents a purification of 3000-fold over 
the original extract, to a specific activity of 169,000 umoles of 
substrate converted per minute per mg of protein at 25°. The 
crystalline isomerase is therefore one of the most active enzymes 
described. 

The absorption spectrum of the twice crystallized enzyme 
showed a minimum of 255 my and a maximum at 277 mp. The 
ratio of the light absorption at 280 my to that at 260 my is un- 
usually low, being 1.2. Qualitative analysis of the amino acids 
of the acid hydrolyzed enzyme revealed the absence of cysteine 
or evstine. 


The enzyme was completely inactivated by heating to 60° for 
20 minutes. It loses activity in dilute solution and is unstable 
outside the range of pH 5 to 10. The rate of reaction showed a 
broad optimum between pH 6 and 8. The following metal ions 
were without effect (at 10-4 m): Ca++, Zn*+*+, Cutt, Fet+*+*+, Co**, 
Mgt+, and Mn++. Ag* (10-4) inhibited the activity 85%, but 
this inhibition could be reversed by the addition of NaCl. The 
following reagents did not inhibit the enzyme: ethylenediamine- 
tetraacetate (1 x 10-? M), a,a’-dipyridyl (3 = 10-4 mM), o-phen- 
anthroline (8 10-5 m), and 8-hydroxyquinoline (8 M). 

A partially reversible denaturation was observed in 6 to 10 M 
urea at 0°. The activity of the urea denatured enzyme falls to 
a constant value of 1.5% of the activity of the native enzyme. 
Upon dilution or removal of urea, 25 to 50% of the original ac- 
tivity was restored. The urea denatured enzyme is much more 
susceptible to digestion by trypsin than the native protein. 

’ Previous conclusions (1) on the catalysis of intramolecular hy- 
drogen transfer have been re-examined on the grounds that the 
earlier experiments were conducted in 89% D-.O and that isotope 


TaBLe 


Purification of steroid 


Fraction specie Total activity | Yield 
Initial extract................. 55.6 | 3.71 K 10°); 100 
n-Butanol-MgCl, supernatant. . 352 3.52 X 10° 95 
Calcium phosphate gel eluate. . 611 3.52 X 108 95 
0-S0% Acetone precipitate..... 1,350 3.52 X 106 95 
45-65% Ammonium sulfate 
precipitate.................. 7,780 3.15 X 10° 85 
0-35% Ammonium sulfate pre- 
27 , 800 1.76 X 10° 47 
First erystallization........... 71,300 1.11 X 10° 30 
Second erystallization......._. 169 ,000 0.93 108 25 
Supernatant from second crys- 
51,000 


The assay system contained in a final volume of 3.0 ml: 100 
umoles of phosphate buffer of pH 7.0, 0.175 umoles of 5-androstene- 
3,17-dione in 0.05 ml of CH;,OH, and appropriate quantities of 
enzyme. Readings were taken at 248 my and 25° against a blank 
cuvette containing all ingredients except the steroid. 

One unit of enzyme causes the isomerization of 1 wmole of 
steroid per minute under these conditions (e243 of 4-androstene- 
3,17-dione = 16,3C0). 
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Fic. 1. Twice crystallized steroid isomerase (Magnification X 130). 


discrimination and enzyme hydration could have accounted for REFERENCES ral 
the nonincorporation of deuterium from the medium into the bi aft 
product. When the enzyme was thoroughly equilibrated with 1. Tatatay, P., AnD WANG, V.8., Biochim. et Biophys. Acta, 18, tai 
D&O and the reaction carried out in >98% D.O, again no isotope 300 (1955). ide 
was found in the reaction product. 2. Marcus, P. 1., anp Tavauay, P., J. Biol. Chem., 218, 661 (1956) en 


XUM 


fs | sti 
mil 
ZO) 
thi 
col 
mil 
| pre 
CO! 
ag 
~ 
eff 
bre 
of 
est 
ph 
po 
INC 
sta 
th: 
Na 
196 
] 
[(2 
me 
2 
hv 


THE JOURNAL oF BIOLOGICAL CHEMISTRY 
Vol. 235, No. 2, February 1960 
Printed in U.S.A. 


Preliminary Communications 


The Natural Occurrence and Enzymatic Formation of a 


Hydroxyethyl Derivative of Thiamine Pyrophosphate* 
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From the Division of Biochemistry, Department of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 


(Received for publication, December 3, 1959) 


Breslow (1) has formulated a mechanism of thiamine action in 
which the 2-position of the thiazolium ring of thiamine is postu- 
lated to be the reactive part of the molecule. Krampitz et al. 
(2) have prepared thiamine with an a-hydroxyethyl group sub- 
stituted on the 2-position and reported its probable identity as 
“active acetaldehyde.” 

Recent results from this laboratory indicate that the pyro- 
phosphoric acid ester of a-hydroxyethy! thiamine! occurs natu- 
rally in microorganisms. Acid extracts of Escherichia coli cells, 
after dephosphorylation by treatment with Taka-Diastase, con- 
tained a compound which migrated on paper chromatograms 
identically with synthetic a-hydroxyethy] thiamine? in six differ- 
ent solvent systems (Table I). Zones of migration were deter- 
mined by the bioautographic technique (3) with Lactobacillus 
viridescens as the test organism. The relative sizes of the growth 
zones indicated that 60 to 75% and about 25% of the total 
thiamine present in E£. coli and bakers’ yeast, respectively, 
could be accounted for as phosphorylated a-hydroxyethy] thia- 
mine. 

Other evidence which indicates that the dephosphorylated 
product is identical with synthetic a-hydroxyethy! thiamine con- 
sists of the observations that both the natural and synthetic 
compounds behave in a similar manner in replacing thiamine as 
a growth factor for microorganisms. Thus, both can be utilized 
efficiently by L. viridescens, Lactobacillus fermenti, and Kloeckera 
brevis, but neither can be utilized by a thiamine-requiring mutant 
of E. colt. 

It has been possible to form, enzymatically, the pyrophosphate 
ester of a-hydroxyethyl thiamine by incubating thiamine pyro- 
phosphate with wheat germ carboxylase (purified to the alcohol 
powder stage (4)) and either pyruvate or acetaldehyde. After 
incubation, treatment of the reaction mixtures with Taka-Dia- 
stase followed by chromatography and bioautography revealed 
that 10 to 12% of the thiamine pyrophosphate had been con- 


* These investigations were supported by a grant from the 
National Science Foundation. 

t A Karl T. Compton Fellow of the Nutrition Foundation (1956- 
1959). 

1The abbreviation used is: a-hydroxyethyl thiamine, DL-3- 
{(2-methyl-4-amino-5 - pyrimidy])methy]] -2- (1- hydroxyethyl) -4- 
methyl-5-(2-hydroxyethyl)-thiazolium chloride hydrochloride. 

? The authors wish to thank Dr. J. M. Sprague of Merck, Sharp 
and Dohme Research Laboratories for a gift of synthetic DL-a- 
hydroxyethyl thiamine. 


verted to a-hydroxyethy] thiamine pyrophosphate (see Table I). 
The requirements for the production of the a-hydroxyethy] de- 
rivative are qualitatively identical with the requirements for 
acetoin formation. Thiamine or thiamine monophosphate could 
not substitute for thiamine pyrophosphate. Boiled enzyme was 
inactive. 

a-Ketobutyrate can also be decarboxylated by carboxylase. 
When this keto acid was used in place of pyruvate in the system 
described above, a new compound was formed which, after 
treatment with Taka-Diastase, exhibited migration characteris- 
tics on paper chromatograms which were different from those of 
a-hydroxyethy! thiamine (see Table I). Theoretical considera- 
tions suggest that this compound is a-hydroxypropy] thiamine. 

Additional evidence, obtained from an incubation mixture 
(described in Table IL) which contained pyruvate-2-C', indi- 
cated that the enzymatic product was formed by reaction of 1 
mole of pyruvate with 1 mole of thiamine pyrophosphate. 
After incubation and acidification, the phosphorylated forms of 
thiamine and a-hydroxyethyl thiamine were separated from the 
other components of the reaction mixture by chromatography on 
Dowex 50 W. The phosphorylated compounds eluted from the 
Dowex column were treated with Taka-Diastase and chromato- 
graphed on paper seven successive times, with the use of three 
different solvent systems. The radioactivity and thiamine ac- 
tivity (determined by assay with L. viridescens) of each portion 
of each chromatogram were determined. This procedure re- 
sulted in the separation of a-hydroxyethyl thiamine from the 
last traces of thiamine and radioactive contaminants, so that in 
each of the last four chromatographic steps, a single band of 
radioactive material which coincided in Rr value with a-hydroxy- 
ethyl thiamine was obtained. As shown in Table II, the iso- 
lated product contained about 380 ¢.p.m. per mumole. This 
value compares with the theoretical value of 340 if 1 mole of 
C'™-pyruvate had been used to form 1 mole of a-hydroxyethyl 
thiamine. 

These data show that a-hydroxvalky! derivatives of thiamine 
pyrophosphate occur naturally and can be formed enzymatically, 
but, as vet, no good evidence has been presented to demonstrate 
unequivocally that these compounds are identical with so called 
“active aldehyde’? compounds. Until such evidence is forth- 
coming, the possibility must be considered that “active aldehyde” 
compounds are compounds which might be closely related to, 
but not identical with, the pyrophosphate esters of a-hydroxy- 
alkyl thiamine compounds. 
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TABLE I 


Comparison of Ry values of thiamine and some thiamine derivatives 
Solvent system I, n-butanol-ethylene glycol-0.1 nN HCl (4:1:1, 


by volume); II, isopropyl alcohol-concentrated HCl-water (170: 


41:39); III, n-butanol-acetic acid-water (4:1:5, upper phase); 


IV, n-butanol-ethanol-H.O (4:1:1); V, pyridine-water (4:1); VI, 
isobutyric acid-concentrated ammonia-water (165:2.5:82.5). 

The values are from paper chromatograms developed by the 
ascending technique. 


Preparation chromatographed 
Solvent 
h boxy] 
of E. coli reaction mixture* 

I 0.60 0.74 0.60, 0.74 | 0.57, 0.72 0.60, 0.88 
II 0.41 0.52 0.40, 0.53 | 0.46,f 0.59f | 0.45, 0.67 
III 0.27 0.35 0.30, 0.38 | 0.26, 0.35 0.33, 0.47 
IV | 0.34 0.48 0.34, 0.47 | 0.29,f 0.42f | 0.34, 0.57 
V_ | 0.76 0.94 0.75, 0.94 | 0.76, 0.94 0.76, 0.94 

VI | 0.82 0.84 0.83 0.82 


* Treated with Taka-Diastase before chromatography. 

t These values were obtained from chromatograms different 
from the chromatograms from which the values for the reference 
compounds were obtained. However, the reference compounds 
were cospotted with the preparation on these chromatograms and 
the Rp values were identical with those shown for the preparation. 
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TaBLeE II 
Incorporation of 2-C'4-pyruvate into a-hydrozyethyl thiamine 
The reaction mixture contained 2 uymoles of MgSO,, 84 umoles 
of potassium succinate, pH 6.0, 1.2 wmoles of cocarboxylase, 86 
umoles of 2-C!4-potassium pyruvate (29.3 K 10° c.p.m.), and 53 
mg of wheat germ a-carboxylase alcohol powder in a total volume 


of 1.04 ml. After 80 minutes of incubatioh at 25°, 3 ml of 0.1 n 
HC] were added and the mixture was heated 2.5 minutes at 100°. 
Successive pa Total mymoles 
chromatographi Total radioactivity a-hydroxyethyl Specific activity 
purification lane” thiamine 
c.p.m 
Solvent I 350 
II 25.9 X 10% 69.6 372 
IV 17.7 XX 103 40.6 438 
I 8.24 X 103 16.3 506T 
II 6.78 X 10° 18.2 370 
* The last 5 of 7 successive purification steps. Solvent systems 


are those described in Table I. 
t Decomposition noted in this step may account for the high 
value. 
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The heme moiety in hemoproteins (hemoglobins and myo- 
globins) has until now been considered to be in water solution at 
neutral pH an immobile or fixed prosthetic group and no definite 
dissociation of the pigment has so far been recognized. 

In this note we report the results of experiments which indi- 
cate that hematins do dissociate from myoglobins (Mb) and 
hemoglobins (Hb) in aqueous solution at neutral pH and room 
temperature, i.e. that, under such conditions, the following 
equilibrium exists: 

Ferrihemoprotein @ hematin + apohemoprotein 


Present experiments will also show the different affinity of 
several apohemoproteins for protohematin and the different 
affinity of each apohemoprotein for hematins of different type. 

The dissociation of hematins was shown by two different 
groups of experiments. The reactions observed were: 
Ferrihemoprotein (x) + apohemoprotein (y) — 


apohemoprotein (x) + ferrihemoprotein (y) 


Hematin (x) protein + hematin (y) —> 
hematin (y) protein + hematin (x) 


Reaction 1 was discovered in experiments with Aplysia (sea 
hare) Mb (1) and horse apoMb (2), taking advantage of the fact 
that the absorption spectrum of Aplysia FerriMb in the Soret 
region is very different from that of horse FerriMb (Fig. 1B). 

Fig. 1 shows that horse Mb is formed within few hours from 
Aplysia Mb and horse apoMb in 0.1 m phosphate buffer, pH 
6.8. The presence of horse Mb in the solution was confirmed by 
paper electrophoresis, that of native Aplysia apoMb was shown 
by the formation of Aplysia Mb upon addition of hematin. 

After this first observation, other “heme transfer”’ reactions of 
the same type could be shown in mixtures of different hemo- 
proteins and globins. The exchange of the hematin from one 
hemoprotein to a different globin was demonstrated by spectro- 
photometry and paper electrophoresis of the solutions. 

The following reactions were readily observed with equimolec- 
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ular concentration of the proteins (20-30°; phosphate 0.1 M, 
pH 6.8). 
Aplysia Mb Fett+ + horse apoHb — 
Aplysia apoMb + horse Hb Fe*t* 
Horse Hb Fet**+ + horse apoMb — 
horse apoHb + horse Mb Fet*t 


With the same concentration of reagents the reverse reactions 
could not be detected. 

Reaction 2 was demonstrated by the displacement of deutero- 
hematin and mesohematin from their derivatives with globin 
(3, 4) upon the addition of protohematin. 

Addition of protohematin to an equivalent amount of ferri- 
deuterohemoglobin or ferrimesohemoglobin results in spectro- 
photometric changes which indicate that ferriprotohemoglobin 
is formed and deutero- or mesohematin is released in the solution 
(Fig. 2). The reaction is fast and was already complete by the 
time readings were made in the Beckman spectrophotometer. 

These experiments also demonstrate the role of the vinyl side 
chains of hematin in determining the affinity of heme for the 
protein in Hb. 
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Fig. 1. A = light absorption spectrum of a mixture of Aplysia 
Mb and horse apoMb a few minutes after mixing (dash line); after 
7 hours incubation at 30° in phosphate buffer 0.1 mM, pH 6.8 (full 
line). B = standard absorption spectra of Aplysia Mb (dash line) 
and horse Mb (full line), in phosphate buffer 0.1 M, pH 7. 
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Fic. 2. The full line represents the absorption spectrum ob- 
tained a few minutes after the addition of protohematin to deu- 
terohemoglobin in 0.05 m phosphate buffer, pH 7.8. This curve 
corresponds to that obtained by adding the optical densities of 
two solutions containing equivalent amounts of protohemoglobin 
and deuterohematin respectively. The dash line corresponds to 
the sum of the optical densities of equivalent concentrations of 
protohematin and deuterohemoglobin. 


The experiments reported above are now being extended to a 
wider range of experimental conditions and to different deriva- 
tives of the several hemoproteins. They will be reported in 
forthcoming papers. 
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Enzymatic Synthesis of the Peptide in a Uridine 
Nucleotide from Staphylococcus aureus 
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A uridine nucleotide whose structure may be represented as 


* Supported by National Institute of Allergy and Infectious 
Diseases Grant E-1902 and National Science Foundation Grant 
G-7619. 


accumulates 
in Staphylococcus aureus inhibited by penicillin or by several 
other antibiotics (1, 2). This compound is believed to be a bac- 

1 GNAc-lactyl is 3-O-lactic acid ether of N-acetylglucosamine. 
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terial cell wall precursor. Nucleotides containing the incomplete 
peptides L-alanine (1), L-Ala-p-Glu (3), and t-Ala-p-Glu-L-Lys 
(4) have been isolated under various circumstances. The in- 
ference that the peptide is synthesized biologically by stepwise 
addition of amino acids to UDP-GNAc-lactic has now been sup- 
ported by identification and partial purification of each of the 
enzymatic reactions by which amino acids are added to the uri- 
dine nucleotide, as follows: 


UDP-GNAc-lactic + t-alanine 
Mn** (1) 
UDP-GNAc-lactyl-L-Ala 
‘ ., ATP 
UDP-GNAc-lactyl-L-Ala + p-glutamic acid Ma (2) 
UDP-GNAc-lacty]-L-Ala-p-Glu 
ATP 
UDP-GNAc-lactyl-L-Ala-p-Glu + L-lysine 
Mn (3) 
UDP-GN 
ATP 
2 p-Alanine Va p-Ala-p-Ala (4) 
ATP 
+ p-Ala-p-Ala ———> 


UDP-GN Ac-lactyl-L-Ala-p-Glu-L-Lys-p-Ala-p-Ala 


With the use of C-labeled amino acids as substrates, Reactions 
1, 2, and 3 are measured by incorporation of radioactivity into a 
charcoal-adsorbable form. Each of these reactions has a re- 
quirement for the specific uridine nucleotide to which the specific 


TABLE I 
Uridine nucleotide requirement in synthesis of peptide bonds 


The incubation mixtures contained, in 0.05 ml of 0.1 m Tris 
buffer (pH 8.4), 200 mumoles of ATP, 400 mumoles of MgCle, 7 
myumoles of uridine nucleotide as indicated, about 20,000 c.p.m. 
of each radioactive amino acid (the specific activities of which 
were 5 to 13 we per umole) and 0.07 to 0.5 mg of enzyme protein. 
The preparation employed was the precipitate obtained after ad- 
dition of 3 volumes of saturated ammonium sulfate to a sonicate 
of S. aureus cells. After 30 to 45 minutes’ incubation at 37°, nu- 
cleotides were adsorbed on charcoal, eluted with ammoniacal 
ethanol, and counted. 


Substrate 
Uridine nucleotide added 

Alanine | Glutamic | 

0 0 0 

UDP-GNAc-lactic................... 1364 0 0 

UDP-GNAc-lactyl-L-alanine......._. 3720 0 

UDP-GNAc-lactyl-L-Ala-p-Glu...... 8 0 3530 

Lys-p-Ala-p-Ala................... 100 0 20 


* Although C'4-pL-glutamic acid was the substrate, it could be 
shown that only C'*-p-glutamic acid was enzymatically active. 

t This result is known to be due to the occurrence of alanine 
racemase and the enzymes catalyzing Reactions 4 and 5 in the 
preparation. 
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TaBLeE II 
Enzymatic addition of p-Ala-p-Ala to 
UDP-GN Ac-lactyl-L-Ala-p-Glu-t-Lys 
The incubation mixture was similar to that described in Table 
I but contained 1.6 mumoles of UDP-GNAc-lactyl-L-Ala-p-Glu- 
C14-L-Lys (23,000 c.p.m.) and 40 mumoles of the compounds indi- 
cated below as substrates. 16 ug of a partially purified enzyme 
were employed. After 60 minutes’ incubation at 37°, 0.1 umole 
of carrier UDP-GNAc-lactyl-L-Ala-p-Glu-L-Lys-p-Ala-p-Ala wags 
added. The mixture was then chromatographed overnight in 
ethanol-1 mM ammonium acetate (pH 7), 7.5:3. The ultraviolet 
absorbing spot corresponding to the uridine nucleotide carrier 
was then cut out, eluted, and counted. 


Additions 
p-Ala-p-Ala (synthetic)......... 4,790 
p-Ala-p-Ala (isolated)........... 6 ,600 


amino acid is added (Table I) and, in addition, for ATP and 
either Mn++ or Mg++. The K,, for Mn** is in each case 5 to 10 
times smaller than the K,, for Mg*+*, and Reaction 4 is 5 times 
more active with Mn++ than with Mg++ (compared at the con- 
centration of each cation giving maximum activation). Each 
of the radioactive uridine nucleotide products has been isolated 
and shown to be identical to the expected product (1-4). 

During enzyme purification, the ability to incorporate C'*-p- 
alanine into was rapidly 
lost. Moreover, with enzymatically synthesized UDP-GN Ac- 
lacty]-L-Ala-p-Glu-C'-L-Lys as substrate, the reaction was found 
to be dependent on a heat stable substance found in extracts of 
lysine deprived cells (now known to accumulate p-Ala-p-Ala as 
well as UDP-GNaAc-lactyl-L-Ala-p-Glu (3)). Cells of S. aureus 
were incubated in the absence of lysine in a medium containing 
C'*_p-alanine. An extract was prepared and chromatographed 
on Dowex 50. Thirty % of the radioactivity was eluted from 
the column in the position reported by Ikawa and Snell (5) for 
p-Ala-p-Ala. They isolated the dipeptide from extracts of S. 
fecalis. The radioactive material, as well as an authentic sample 
of chemically synthesized p-Ala-p-Ala (6) (kindly given us by 
Dr. B. Erlanger), replaced the boiled cofactor in Reaction 5 
(Table IT). 

The enzyme that catalyzes dipeptide synthesis (Reaction 4) 
can be measured by coupling it with a partially purified prepara- 
tion of the enzyme that catalyzes Reaction 5. The product 
formed from C'-p-alanine and ATP by this enzyme alone was 
isolated and shown to be identical to p-Ala-p-Ala in five solvent 
systems. On hydrolysis at 100° in 6 N HCl, it yielded only ala- 
nine. 

This stepwise synthesis of the peptide is analogous to the syn- 
thesis of the tripeptide, glutathione (6), and one wonders how 
large a peptide chain can be synthesized by stepwise addition of 
amino acids without participation of ribonucleic acid. The oc- 
currence of p-Ala-p-Ala as an intermediate in the synthesis is 
the first demonstration of the occurrence of a small peptide as an 
intermediate in the synthesis of a larger peptide chain. 
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In the preceding note (1), the enzymatic reactions which lead 
to the stepwise synthesis of the peptide in UDP-GN Ac-lacty}!-1- 
Ala-p-Glu-L-Lys-p-Ala-p-Ala have been described. The lysine- 
adding enzyme, which catalyzes Equation 1, has been purified 
460-fold from an extract of Staphylococcus aureus. 


UDP-GNaAc-lactyl-L-Ala-p-Glu + C'4-lysine + ATP — 
UDP-GN Ac-lactyl-L-Ala-p-Glu-C'4-L-Lys + ADP + Pj; 


With purified enzyme, no reaction was observed in the absence of 
uridine nucleotide, ATP, or divalent cation (Table I). When the 
amount of uridine nucleotide substrate added was limited, 1 mole 
each of ADP, inorganic phosphate, and UDP-GN Ac-lactyl-L-Ala- 
p-Glu-t-Lys were formed per mole of added UDP-GNAc-lactyl- 
t-Ala-p-Glu (Table II). No AMP formation was detected, al- 
though added AMP could be quantitatively recovered. 

ADP formation, absolutely dependent on added lysine, was 
measured fluorometrically.2_ p- or L-Alanine, or L-glutamic 
acid, glycine, and a,e-diaminopimelic acid (a mixture of the 
meso- and LL-isomers) could not substitute for L-lysine. The 
failure of diaminopimelic acid to act as a substrate is of special 
interest since the specificity of this enzyme may be the basis for 
the occurrence of L-lysine in the basal structure of some bacterial 
cell walls and of (meso)diaminopimelic acid in others. With 
the use of radioactive amino acids, the preparation could also be 
shown to be free of the enzymes which add L-alanine or p-Ala- 
p-Ala to the appropriate uridine nucleotide substrate and of the 
enzyme which catalyzes the synthesis of p-Ala-p-Ala (1). Al- 
though this preparation was contaminated with the p-glutamic 
acid adding-enzyme, a preparation free of this activity was ob- 
tained by another procedure. 

The enzyme was able to catalyze an exchange of P*-inorganic 
phosphate with ATP, dependent upon the addition of UDP- 
GNaAc-lactyl-L-Ala-p-Glu only. The rate of the exchange re- 
action was approximately the same as the rate of the peptide 
bond synthesis. Lysine did not catalyze an exchange of P*- 
inorganic phosphate with ATP, and, when both lysine and the 


* Supported by National Institute of Allergy and Infectious 
Diseases Grant E-1902 and National Science Foundation Grant 
G-7619. 

1 GNAc-lactyl is 3-O-lactiec acid ether of V-acetylglucosamine. 

20. H. Lowry, personal communication. 


TABLE I 
Requirements for lysine addition to 
UDP-GN Ac-lactyl-t-Ala-p-Glu 

The complete system contained, in 0.06 ml of 0.17 m Tris buffer 
(pH 8.4), 200 mumoles of ATP, 6.8 mumoles of UDP-GNAc-lactyl- 
L-Ala-p-Glu, 400 mumoles of MgCl., about 3 mymoles of 
lysine (20,000 c.p.m.), and 0.64 ug of enzyme protein. After 30 
minutes’ incubation at 37°, nucleotides were adsorbed on charcoal, 
eluted with ammoniacal alcohol, and counted. 


System Incorporated 
c.p.m. 
— Uridine nucleotide............ 0 
Mn** substituted for Mg**...... 1950 


TaBLe II 

Stoichiometry 
The conditions of incubation were similar to those described 
in Table I. Lysine incorporated was measured through its radio- 
activity after isolation of the product by two-dimensional paper 
chromatography. ADP formation was measured as described in 


the text and inorganic P by the method of Lowry et al. (2). Data 
are expressed in mumoles. 
12.6 9.85 11.6 9.0 
24.4 19.5 15.6 
44.2 39.7 35.1 


uridine nucleotide were added (in which condition net synthesis 
occurred), the rate of the exchange was diminished by 50%. Ex- 
change of P?-ADP with ATP was also catalyzed by the enzyme, 
without added uridine nucleotide or lysine, but the significance 
of this reaction cannot be evaluated due to the occurrence of a 
very small adenylate kinase activity in the preparation. These 
data, therefore, suggest that one of the carboxyl groups of glu- 
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tamic acid is activated before addition of lysine. One possible 
interpretation of the occurrence of an inorganic phosphate ex- 
change in the absence of added lysine is that the activation may 
be in the form of a derivative of ADP as has also been suggested 
for the intermediate in formation of carbonyl biotin (3). How- 
ever, other interpretations are equally plausible. 

Thus, the mechanism of synthesis of this peptide bond is simi- 
lar to the mechanism of synthesis of glutamine (4) or of the two 
peptide bonds in glutathione (5). A most important feature of 
the reaction in the light of other current work on peptide bond 
synthesis (6) is the fact that the free amino acid does not catalyze 
an exchanze reaction with ATP as one of the substrates and that 


Soluble Protein Required in Mitochondrial Contraction 
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presumably no activated form of the free amino acid occurs as 
an intermediate. 
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A Soluble Protein Required in Mitochondrial Contraction; 
“Leakage” of Active Factors from Mitochondria* 
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School of Medicine, Baltimore 5, Maryland 


(Received for publication, December 21, 1959) 


Rat liver mitochondria swollen in vitro by exposure to gluta- 
thione (1) do not contract when adenosine triphosphate + 
Mg**+ + bovine serum albumin (BSA) are added (2), whereas 
mitochondrial swelling caused by thyroxine and other substances 
(cf. (3)) is readily reversed by these agents with extrusion of 
water (2-4). This report demonstrates that with addition of a 
soluble, heat-labile, nondialyzable factor obtained from mito- 
chondria (‘‘C-factor’’) glutathione-swollen mitochondria also 
contract with adenosine triphosphate + Mg++ + bovine serum 
albumin. 

Experiments in Fig. 14 show that a factor necessary for con- 
traction “leaks” into the medium from mitochondria exposed to 
GSH and apparently becomes sufficiently diluted so as to limit 
contraction. A relatively heavy suspension of rat liver mito- 
chondria (equivalent to 20 mg of liver per ml) was first allowed 
to swell in a medium of 0.125 m KC! + 0.02 m Tris, pH 7.4, + 0.01 
M GSH at 25° and the swollen mitochondria then carefully 
removed by centrifugation. To the clear supernatant fluid (desig- 
nated “used medium’’) was added a small inoculum of fresh mito- 
chondria (equivalent to 4.0 mg per ml), which rapidly under- 
went swelling induced by the GSH present in the medium. The 
addition of ATP + Mg++ + BSA to the mitochondria swollen 
in the “used medium” caused immediate and nearly complete 
contraction. On the other hand, an identical concentration of 
mitochondria swollen by GSH in a fresh, ‘unused’? medium 
failed to contract in the presence of ATP + Mgt+ + BSA, as 
observed before (2). The contraction-promoting activity (‘“C- 
factor’’) which “leaks” into the ‘‘used medium” from GSH- 
treated mitochondria is destroyed by 10 minutes in a water bath 


* Supported by grants from the National Institutes of Health, 
the National Science Foundation, the Nutrition Foundation, Inc., 
and the Whitehall Foundation. 


at 100° (Fig. 1A). Dialysis of the ‘used medium” against fresh 
0.125 m KCl + 0.02 m Tris, pH 7.4, causes no loss of activity 
(Fig. 1A). Nonspecific proteins such as serum albumin, and so 
forth, cannot replace C-factor; ATP, Mg*t+, and BSA are each 
essential for its activity. The C-factor-stimulated contraction 
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Fig. 1. ‘‘Leakage’’ and properties of C-factor. A. Freshly 
prepared and washed rat liver mitochondria (20 mg tissue equiva- 
lent) were added to a ‘‘used medium”’ and a fresh medium (see 
text) of 5.0 ml of 0.125 m KCl + 0.02 m Tris buffer, pH 7.4, contain- 
ing 0.01 mGSH. Absorbancy changes at 520 mu were followed at 
25°. Descending portion of curve shows identical rates of swell- 
ing in fresh or ‘‘used medium’’. At point shown, 0.005 m ATP + 


0.005 m MgCl; + 8 mg. BSA were added to each medium; contrac- 
tion ensued in ‘‘used’”’ but not in fresh medium. B. Mitochondria 
(20 mg tissue equivalent) added to fresh (unused) medium of 
0.125 m KCl + 0.02 m Tris, pH 7.4, + 0.01m GSH. At point shown, 
ATP + Mg*t + BSA was added, together with increasing amounts 
of C-factor isolated from ‘‘used media.”’ 


T = 25°. 
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is inhibited by azide and sucrose but not by cyanide or 2,4di- 
nitrophenol (cf. 2, 4). The factor is relatively stable and can 
be fractionated with acetone or ammonium sulfate. Fig. 1B 
shows that increasing concentrations of C-factor increase the 
extent of mitochondrial contraction, rather than the rate. 

C-factor is completely released into solution by sonic treatment 
of mitochondria. However the specific activity (per mg of pro- 
tein) of C-factor appearing in the medium from GSH-swollen 
mitochondria is some 20 times greater than in sonic extracts, 
suggesting that loss of C-factor from mitochondria by contact 
with GSH may be relatively specific. 

Similar approaches showed that substances “leaking” from 
mitochondria are involved in (a) the relative insensitivity of 


GSH-induced swelling to inhibition by 2,4-dinitrophenol (1, 5), 


(b) the dependence of the spontaneous swelling of mitochondria 
on their concentration, and (c) the widely different effects of 
succinate on swelling of mitochondria, depending on concentra- 
tion of the latter (cf. 6). Mitochondria stored in 0.25 m sucrose 
for only 40 minutes at 0° leak detectable amounts of heat-labile 
factor(s) affecting the rate of spontaneous swelling. Whether the 
C-factor described here is involved in such “leakage”’ effects (and 
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possibly also the leakage of coupling or uncoupling factors from 
mitochondria (cf. 7)) is being investigated. 

Since contraction of mitochondria by ATP may share azide- 
and sucrose-sensitive portions of the energy-coupling mechanisms 
of oxidative phosphorylation (2, 4), C-factor may be concerned 
in energy coupling as well as the swelling-contraction cycle. 

Full details of these experiments will be submitted for publica- 
tion at a later date. This investigation was made possible by 
the skillful technical assistance of Julia Trammell and Mary 
Towart. 
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Preliminary Communications 
The State of the Copper in Cytochrome c Oxidase* 
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University, New Brunswick, New Jersey 
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Nutritional studies have long supported the view that copper 
may be a part of cytochrome c oxidase (1-3). However, direct 
evidence did not become available until Eichel et al. (4) found 
that there was a good correlation between the copper content 
and the a-absorption by the reduced enzyme in fractions of 
heart mitochondria prepared with deoxycholate. More recently, 
Green et al. (5) and Okunuki et al. (6) have presented analyses 
of their cytochrome c oxidase preparations and have invariably 
found a high copper content. In the most recent publication 
from our laboratory, Wainio et al. (7) have established a good 
correlation between the copper content, the heme content, and 
the activity of cytochrome c oxidase. 

In this study we present evidence to show that the copper of 
cytochrome c oxidase is firmly bound to the enzyme (probably 
to the protein) and that it is mostly in the cuprous state in the 
oxidized enzyme. 

The cytochrome c oxidase was a soluble Preparation 2.05-2.0 
(4). Copper was determined by a modification of the method 
of Peterson and Bollier (8) which uses cuprizone (biscyclohexan- 
one-oxalyldihydrazone) to develop the color. Iron was also 
determined colorimetrically (9). The care of the glassware is 
described in a previous publication (7). Cytochrome c oxidase 
activity was determined spectrophotometrically (7). 

Dialysis of the soluble enzyme for 12 hours against different 
reagents, followed by dialysis for 12 hours against water, led to 
the results presented in Table I (cf. Okunuki et al. (6)). Control 
samples were dialyzed against water for 24 hours. The activity 
in each instance is approximately proportional to the copper 
content. Iron was determined in the samples that were dialyzed 
against cyanide; as can be seen, the relative iron content rose to 
a constant value in each of the 3 samples. 

Attempts to regenerate the soluble enzyme with cupric ion 
after dialysis against 1 X 10-' m diethyldithiocarbamate for 12 
hours and against water for 12 hours were unsuccessful. Al- 
though the relative copper content was increased to 182% after 
further dialysis against 1 x 10-* m CuSO, and water for 12 
hours each, the activity remained zero. Application of the 
cuprous ion was more successful. The copper of the enzyme 
was removed with 1 X 10-! m diethyldithiocarbamate, and after 
dialysis against 1 X 10-5 m CuSO, + ascorbic acid and then 
water, the relative activity in one experiment was 320% and the 


* Supported in part by a grant-in-aid from the New Jersey 
Heart Association. 

t From a Ph.D. thesis accepted by the Graduate Faculty of 
Rutgers-The State University, New Jersey, June 1959. Present 
address, Pharmacology Department, Squibb Institute for Medical 
Research, New Brunswick, New Jersey. 


TABLE [ 


Effect of dialysis against several reagents on activity, copper, and 
tron content of cytochrome c oxidase 


Reagent Concentration Activ- pon Iron* 

M % % % 
1X 73 | 8 

Sodium cyanide................... 1 X 1073; 66 | 69 | 121 

2.5 X 1073 47 | 59 | 119 

5X 10-3} 37 | 49 | 123 
8-Hydroxyquinoline sulfate....... 1X 10°?| 44 | 37 
Neocuproine...................... 1 X 10°? 38 | 26 
Potassium ethylxanthate.......... 1 X 10°! 0 7 
Sodium diethyldithiocarbamate...; 1X | 0 0 


* Controls dialyzed against water = 100. 


relative copper content was 99%. In another experiment the 
relative activity rose to 78% and the relative copper content was 
950%. In most experiments where the copper was removed 
with cyanide, there was only slight reactivation by the cuprous 
ion, even though the copper content rose to as high as 940%. 
In these instances, there may have been some residual cyanide 
present which was acting as an inhibitor. However, in one 
experiment with cyanide the relative activity was restored to 
78% when the relative copper content was 54%. 

Through the use of 2,2’-biquinoline (specific for Cu+) and 
cuprizone (specific for Cu**) it was shown that approximately 
85% of the copper in the air-oxidized soluble enzyme is in the 
cuprous state. The acid-degraded oxidase reacted immediately 
with 2,2’-biquinoline, but not with cuprizone (in alkaline solu- 
tion) until 30 to 45 minutes had elapsed. These experiments 
suggest that the copper may not participate in electron trans- 
port. On the other hand, Sands and Beinert (10) found by 
paramagnetic resonance spectrometry that of the copper of cyto- 
chrome c oxidase which gave a signal (the percentage of the total 
copper which this represents is not given) 25% was reduced by 
ferrocytochrome c alone and 50% by ascorbate alone or by 
ascorbate + cytochrome c. The implication is that this portion 
of the copper of the enzyme participates in electron transport. 

The pyridine hemochromogen prepared from the soluble en- 
zyme contained no copper (cf. Person et al. (11)); the copper was 
found in the residue. The further observation that chymotryp- 
sin and trypsin liberated 46% and 39% of the copper, respec- 
tively, from the soluble enzyme suggests that the copper is pro- 
tein-bound. 
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in the Oxidation of Reduced 


t-Amino Acid Oxidase by Molecular Oxygen* 
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In the course of spectrophotometric studies on the oxidative 
deamination of amino acids by crystalline L-amino acid oxidase 
we have observed the formation of a new absorption spectrum 
with maxima at 375, 385, and 475 my during the oxidation of 
the reduced flavoprotein by molecular oxygen. This phenom- 
enon, which seems not to have been reported previously in con- 
nection with this or other flavoenzymes, is associated with the 
introduction of small quantities of oxygen into a system con- 
taining reduced flavoprotein. The new spectrum was stable 
for hours under the conditions employed; introduction of more 
oxygen yielded the oxidized form of the enzyme. 

t-Amino acid oxidase was obtained in crystalline form from 
Crotalus adamanteus venom by a procedure to be described in 
detail subsequently. The crystalline enzyme was found to con- 
tain 2 moles of flavin adenine dinucleotide per mole of enzyme, 


and to exhibit a molecular weight of about 133,000. Addition 


of t-leucine to the crystalline enzyme under a layer of mineral 
oil led to disappearance of the characteristic absorption bands 
of the flavoprotein at 462 and 390 my (Fig. 1, Curves 1 and 2). 
On standing for 60 minutes, the new absorption spectrum grad- 
ually appeared (Curves 3 and 4). There was no increase in 
absorption at 430 my and only a small increase at 462 my. In 
similar experiments carried out under argon after repeated evac- 
uation and flushing of the vessel in an effort to remove dissolved 
oxygen, the new spectrum developed much more slowly (after 
10 to 15 hours) and only to the extent shown in Curve 3. We 
attribute the development of the new spectrum to the presence 
of oxygen remaining in the solution. Indeed, in the experiment 
described in Fig. 1 (and in the experiments carried out under 
argon), the curve reached higher values when small amounts of 
oxygen were admitted to the system (Curve 5). No classical 


* The authors are indebted to the National Institutes of Health 
and the National Science Foundation for their generous support 
of this research. 

t Predoctoral research fellow of the National Cancer Institute. 


reoxidation of the enzyme occurred as judged by the failure of 
absorption at 430 my to return. Addition of a large amount 
of t-leucine had no effect on the new absorption curve. On the 
other hand, addition of dithionite caused its immediate disap- 
pearance yielding a curve identical to that observed when the 
oxidized form of the enzyme was treated with dithionite. When 
air was bubbled into the system represented by Curve 5, the new 
spectrum disappeared with return of a spectrum identical to that 
of the oxidized enzyme originally used (Curve 1). Intermediate 
absorption spectra showed a proportionate change at all wave- 
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Fic. 1. Intermediate absorption spectra in the oxidation of re- 
duced crystalline L-amino acid oxidase. Curve 1: Oxidase (0.0195 
umole) in 0.7 ml of 0.1 M 2-amino-2-(hydroxymethy])-1,3-propane- 
diol-HCI buffer (pH 7.0); Curve 2: Same solution as Curve 1, 1 
minute after addition of 0.05 ml containing 0.5 umole of L-leucine; 
Curve 3: Same solution as Curve 2, after 10 minutes; Curve 4: Same 
solution as Curve 2, after 60 minutes; Curve 5: Same solution as 
Curve 4, 15 minutes after addition of 0.05 ml of water saturated 
with air. Other conditions: 25°; light path, 10 mm; layer of min- 
eral oil, 5 mm; reference cuvette contained buffer; tracings were 
obtained with a Cary model 14 recording spectrophotometer. All 
curves are corrected for dilution. 
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lengths when oxidation of the intermediate was carried out in 
the absence of excess substrate. Reduction of the enzyme by 
other substrates (e.g. L-phenylalanine, L-alanine, L-valine) or by 
dithionite, followed by admission of oxygen into the system, 
also gave the new absorption spectrum. Similar results were 
obtained in the presence and absence of catalase. 

The appearance of this spectrum is clearly associated with the 
presence of oxygen and is not dependent upon the presence of 
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amino acids, a-keto acids, or ammonia. It is not observed 
when relatively high concentrations of oxygen are present, since 
under these conditions the intermediate presumably has only 
transient existence. These findings indicate that the reoxidation 
of this flavoprotein by molecular oxygen is at least a two-step 
reaction involving formation of an intermediate, possibly a com- 
plex between reduced flavoprotein and oxygen, possessing a 
characteristic absorption spectrum. 


Lactose Dehydrogenase, a New Flavoprotein 


Yasutomr NisuizukKa, SigeEru Kuno, anp Osamu HaAyalIsHI 


From the Department of Medical Chemistry, Kyoto University Faculty of Medicine, Kyoto, Japan 


(Received for publication, January 15, 1960) 


It is generally agreed that in various biological systems lactose 
is first hydrolyzed to its constituent monosaccharides, glucose 
and galactose, before being further metabolized. Recent reports 
from several laboratories have indicated that certain micro- 
organisms (1-4) and algae (5) accumulate lactobionic acid during 
the fermentation of lactose, but little information is available 
as to the mechanism of this reaction and the properties of the 
enzyme(s) concerned. This report presents the evidence for the 
direct enzymatic formation of lactobionic acid from lactose by 
way of lactobionolactone by a partially purified enzyme prepa- 
ration from lactose-adapted cells of Pseudomonas graveolens 
(ATCC 4683). 

The enzyme activity was assayed spectrophotometrically by 
measuring the rate of reduction of 2,6-dichlorophenolindophenol 
in the presence of lactose. The enzyme, localized essentially in 
the particulate fraction of the crude sonic extract, was solubilized 
by deoxycholate-n-butanol extraction, and purified about 100- 
fold compared with the activity in the crude extract by chloro- 
form treatment, followed by calcium phosphate gel and acetone 
fractionations. 

The primary product of the enzyme-catalyzed reaction was 
identified as lactobionolactone, by its hydroxamic acid using 
paper chromatography with five different solvent systems.! 
Lactobionic acid was isolated and crystallized as calcium salt 
from a large scale incubation mixture by adsorption on Dowex 
1 column, followed by elution with 0.1 m formic acid. 


CaCo1H 420204 


Calculated: Ca 5.31, C 38.2, H 5.61 
Found: Ca 5.38, C 38.1, H 5.88, pK 3.7 


Further evidence for the identity was provided by the formation 


1 Ascending paper chromatography was carried out on What- 
man No. 1 paper. Spots were visualized by spraying with acidic 
ferric chloride solution. Ry values forlactobionohydroxamic acid 
were with n-propanol-ethyl acetate-water (7:1:2), 0.09; with 
phenol-water (4:1), 0.27; with tertiary butanol-water (3:2), 0.45; 
with n-butanol-acetic acid-water (4:1:1), 0.01; and with methanol- 
formic acid-water (16:3:1), 0.38. An authentic sample of lacto- 
bionolactone was prepared from lactobionic acid (6) which was 
synthesized chemically (7). 


of equimolar amounts of galactose and gluconic acid upon acid 
hydrolysis of the reaction product (100° in 1 N HCl, 4 hours).? 
Lactobionic acid, gluconic acid, and galactose were also identified 
using paper chromatography with five different solvent systems* 
and by paper electrophoresis (12). Galactose was further identi- 
fied as phenylgalactosazone which melted at 200 to 201°. 

The difference spectra of the enzyme preparation exhibited 
maxima in the ranges of 350 to 360 mu and 465 to 475 my, upon 
reduction with either lactose or hydrosulfite. A compound, 
which showed greenish fluorescence (maximum of fluorescence 
spectrum, 540 mu), was liberated from the acid-denatured en- 
zyme preparation, and was tentatively identified as FAD® using 
paper chromatography with three different solvent systems.® 
It served as a prosthetic group of D-amino acid oxidase (14). 


? Lactobionic acid was isolated by Dowex 1 ion exchange chro- 
matography and was determined colorimetrically with trypto- 
phan-sulfuric acid (8). Galactose was determined according to 
Kleiner and Tauber (9), and gluconic acid was determined spec- 
trophotometrically with yeast gluconokinase and 6-phosphoglu- 
conic acid dehydrogenase. 

3 Ascending paper chromatography was carried out on What- 
man No. 31 paper. The acids were detected by spraying a mixture 
of bromophenol blue and methyl orange solutions and the sugar 
by aniline phthalate reagent (10) and o-aminodiphenyl reagent 
(11). Rp values for lactobionic acid, gluconic acid, and galactose 
with ethanol-ammonia-water (18:1:1) were 0.11, 0.21, and 0.42; 
with n-propanol-ethyl acetate-water (7:1:2), 0.27, 0.46, and 0.40; 
with isopropanol-water (4:1), 0.47, 0.58, and 0.53; with n-butanol- 
pyridine-water (1:1:1), 0.33, 0.41, and 0.57; and with phenol- 
water (4:1), 0.28, 0.32, and 0.46, respectively. 

‘ Paper electrophoresis was carried out on Whatman No. 3 paper 
(15 X 40 cm., 1% sodium biborate, 600 volts, 3.5 hours), and was 
sprayed with permanganate-periodate reagent (13). The mo- 
bilities of lactobionic acid, gluconic acid, and galactose relative 
to glucose (1.00) were 1.71, 2.00, and 1.24, respectively. 

5 The abbreviations used are: FAD, flavin adenine dinucleotide; 
FMN, flavin mononucleotide. 

§ Ascending paper chromatography was carried out on Whatman 
No. 31 paper. Rp values for FAD, FMN, and riboflavin with iso- 
butyric acid-ammonia-water (66:1:33, pH 3.7) (15) were 0.42, 
0.66, and 0.85; with n-propanol-ethyl acetate-water (7:1:2), 0.07, 
0.22, and 0.36 and with isoamylalcohol-acetic acid-methanol-water 
(5:1:4:1), 0.01, 0.07, and 0.22, respectively. The liberated flavin 
and FAD were indistinguishable, and no other fluorescent spot 
was detected. 
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The particulate fraction reacted directly with oxygen and con- 
sumed one-half mole of oxygen per mole of the substrate utilized. 
With the purified enzyme preparation 2,6-dichlorophenolindo- 
phenol and methylene blue served as an electron acceptor, but 
neither oxygen nor pyridine nucleotides could replace these dyes. 
Under anaerobic conditions the addition of lactose to the par- 
ticulate fraction revealed at least three absorption maxima at 
420, 525, and 555 my, which could be discharged by either oxygen 
or ferricyanide, indicating that this flavoprotein is linked to the 
cytochrome system. 

Although p-glucose, p-galactose, D-mannose, L-arabinose, D- 
ribose, p-xylose, and maltose were also oxidized, to a variable 
extent, by the purified enzyme preparation, the following evi- 
dence suggests that the lactose dehydrogenase activity is a sepa- 
rate entity. The ratio of the specific activity for lactose to that 
for glucose increased about 6-fold during the enzyme purification. 
When the cells were grown with any of the above mentioned 
sugars except lactose as a carbon source, lactose was not oxidized 
at a measurable extent. Details of the experimental results will 
be published elsewhere. 
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